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cal p n'~~lIn ' in 1Ill' ncurfield, it rloserl-form t ·x l' r\,,.~ i ,, " {IJI' 1Ill' ilt'Ullsl ,jflll liPId
prr" hIH·tl by Ii ,"il'l'lIli1r piston wit h si lll Jl I~' sUI'I" ,rll·,1hOlmrl"t }' nlllll iti" l1 is
derived, ('\I"n,ling the eerllor work of 11'lst,!;"w;, col ,II. ( I!1....:I.[!IS·I) t tl iud ll,l.,
till' ["~IM' of lIull -un i form velocity a t the pist..n snr filn', '1'111' .Wl'r ;l ~l· prf':'SlI rt '
011 Ill{' ~lJ rra("t' of the Tl"CCi \ 'C'T iI.S a funct io n <tr .listil.lIn' frum Ill" transmit te-r is
calr lllalt.J theoretically And meas u red (·xpt'Tillll·Ilt" lly. 'I'l l<'IIlt'a."u« ,,1 f<'Sulb
lIt;TN:'Illt'llt wirl. thl" thro n..otk al calcu la tion. i,hh'l1l;;h tht · rl,llllgt· I,r U,C" ,W I'T-
fiSt· pressure wilh dista ll('f' in the' nca rflekl is lart.rr fot all fr"fjlWudl'S L1l il ll
pr('vio nsl)' thought. IIn wC\·er. it should sti11I'('I" l!<si h~' lu lJ)(,l\ .~llrl· l\ 1I11ir U fl Il
disLrih uLion of pa rticles suspen ded in the- Iwarl id,J. 11' 'I;i/luillg wit h I'MksnIL·
tl'ring From a movabk- rigid sphe re, a ncarficld ,·x jl tl '!l., iull rda tin/; t ill' ont put
lind to t ill' hi , r k~rRlL (·t rurm Iactor , j "",, (r ), is o hlili ll'·'1. TI ll' r"lIIl (11I:1." r is <I, .•
Iermiucrl 11)' 1ll"IlMlrillg Lll(' bll rkSCilUI'rf',1 rl" lill li" u fr" IJl SIl~ I 'I'lJ ' [l ~ l lI al lJ r l , 1
talJ~" (ml /l I ~I :\111:1: tlJ :l.l) :\l ll z. ..u.l t hl' ..... ..,1~il•.,. froll1100 to .'>OO l'lll <Iia m-
IIrt ..[ " <lrl i, '~ ' ril,li'ls Ilml :'Ull r f (' wavcuumhcr illfU·il"'l'!-. I ll., m ensun-d va lues
at.' hltgl,t Ihan I' t, ~l i'· l c..1hy the sJlhcriral scetu-rer model. Th is i~ similar to
.111' l" 11u' i rr".'!,1I11tr1I11<Iw' :' «ud inhomogenous com pusition cf l1iL11II;,1 sall t!
11111,.]1 mull' r"ll1plf'x l h lill lill' farfir;d, scat te ri ng rro~ s scetiou 1lk' i1-1IT\'II1("ll b
n . ll 1M' 11\;,,1,· ill tlu- 1l"' lrfit·I.1, with broadband pulse-. at high reschnion ;11




'11\(' nut hur wislu-s I" th ank tln- lh-pa r t uu-ut lIr I' h)'s it'S fur il tr"n li ll~ Ilim
t ill' opp o rt unity of r"llrl'lf l iu~ th is work . l'il rtit'll l il r l}', l ilt' 1'II I"- T\';' i ll l! IIf lIr .
Alex Hay anrl his " lI~I"' l i,, " lJI ..u ,'st'itin,!!; TI'SI'llrrl, tupic ill 11 11 ' 1,1111,,,r\ ti,-I,I
of ill ter~lar(' Srl ·I111}· IlJlp rl'f'illk,l .
Dr. A. 1I,Iy, Dr. l!. .1. Cn-illl'/ltd,. Ill'. II. Sill" lt'!'"" n. 111 1,1 Dr. II. d,-
Young are to hr- ''!i PI ~ j..Uy tlli'l1 k''i1fur illsig ht I'ru ~'il h ', 1 ill ""U TI'C'" ...l i, l i ll j.!.
to this work. ;"h'tllI M·fS .. r Ill" O'"('illlogTitpl,y <: ru llp 111 t Ill' Ik!' :il r l I1K'1l1 ..r
Physics, in pitr li r lllaT Or. J . Sheng, l\lr . D. Wilson, Mr. t\. l :uIIM ill,e.. ;"11'.
C. lIamm, Ms. A. Crawford, ~I r. R. GamplJl'Il and II. 1Ii1lirl,·, h;ow ills..
pro vklcd ' "a ll/ah!1"Msi~ lil lin' at various sl.l gl '!i u r lh i~ "".. rk.
I am ut"l'pl)' itl'I'It't;lllin' ur thr- filladal a~~i~la1Wr rmlll :\I"m"riitl ltni-
vcrsity or ;":cwrollll ,lI i1l1.1 ill II." rorllt or a Ul1 iwr~i l)' F.'lIuw"ltil' , T'·;lrllin.l:
A~i:;t a ll tsh ip , alltl Dr, lIay'J;grilnb from t!J(' 1)1, 1iIrtllM'ul fir Ell,'r,Q', :\liltl'!o.
ann Resources, and ti ll' :\~, tllra l Sci,'lJel'S aml EII~in" 'rilig H......-ur..h (''''1Iwil
or Canada,
filially , th(' plllil'llt"(' llUrl lll1. I,·rs la lld illg or t ile' ;ll l l l l ur '~ wirc' r1l1rill~ 1111'
rcscar ..h period is dl"'ply ; ' Jl l'rc ~· i ;,h 'd .
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1.1 Stat ement of the Problem
Tile im)lOttilul'C of grain size and concentration estimation acousti-
rail)' hi\~ long 11(' " recognizedin examiningmovement orsediment (Flam-
llwr,l!Ili2), coal slurry transport (Davis,1978) and cells in the blood stream
(Sic'g,,11l1 i11111 illlll Rf'irl, 1!J73). During thc pasL few decades, many new cpti-
cal and uroustical measurement methods and apparatus havebeen proposed
iIIul built acrording to the principlethat It. wavewill be scattered by the
Sll ~))(' II (hl pa rlid("ll . :\ probh-mwith theopticalme thod in aqu.....ms suspen-
sinlls is that 111" 11' 111'1'dC'{'ilr s very rapidly. AllK1, the optical wavcl-ug ths used
arc usually very short l'OmpiHl'd to till" I'<lrticl . , s i~ ,'. T hlls it is di llicllh f..l
opt ir a I methods to (!c lo'1:"l ~ Il S P "Il< h'tl p<lr l irl.", Tt'lIu,I" ly . ;," , l lh,'s. - 1I1l'1Iu"ls
The ultr asonic pulsc-obo It ...·lmi,IIU' has ]," .'11 proven to I..· II :-illll' l,- .nn l
efficient met hod for 1l1l"'ilSl1r"I1lI' l1t of Jlilr l id l's li IISIll'I Il !.,.1 in water ( 1"I;oII111 1'r
1962; Grt'('nlaw MHl .Iohuson. lnS2j l1olli, lay, IHRi; Hay I!llJl; SIIt' t1,l\ 1111'\
lIay, 1991). The ("('1111';11 prohlr-m in ill"lIll.<lical srill h ' ring krlllli' llws Ii,,,, ill
.1"t " rTl1inillg the rr'l a tioll ~ l l i l' Iw l \\" '<'1l s"altt' rr'l! inlo'ns ity all,l I I ... quuutitv
of sca t tcrlug man-r ial. Thr- ...,:npl,'x it ,l' uf lilt' Ilro ....'ss is d ill ' 1<> t.lu- (111"1
th at th e scattering cro ss section is alf, 'de.1Ly ti ll' size, shl lJll' , r llll"" ld,rill ion
and co mposition of the scattcnug mate rial, and by t he c1'i1ril.('t .,r is l,lrs IIf till '
acou st ical beam. For the PT('S Pll t study, attcutlo u is focused UII d l ' lrr l l, i ll i ll _~
the bac kscatt er cross st'dioll o f natur al saud grains exper iuu-ntully,
Tw o experlmeut al methods, (",111 beenappli ..d for ult rl,sonic dl' lt ' nlli ll;,!i 'm
of sceue rcr size IIl1d cnlln~ll t r ;,liun . Out! is t1 1<~ multiplc -Frcqtu-ncy wchniqtn-
using many narrow-band pulses each al II. dilTr-rent .Iisercl,e frc 'lll t!Il'",\'. This
met hod has been used in the o,"'a n for zooplan kton 1Il (,ll~ lIrC' I1W III,s ( ;r""Il '
law li nd John son , I!I8:? l lcllidny, I!lSi ) and for sl lsllen rl. ·,1st" li' I"'II !' In' ''' ''ll' ' '·
mcut s (Shrug, 1990, Sheng alld 11;'.1" 199 1). TIll' other 111l'1.llu,1ill\" I"c', llsi ll~
InOildl' ;IIIlJ I'n J.~, ,:, , ill II" llid l il singf' s llor ! jlllbf' of wld« bnudwldth is 11Sf'd 1,0
ill' "n'llSI' Llu-lnfonnauon ront eutper pulse of the sr att en-d ultr asouud . This
llw tl m,1 hill' 1'1" 11 USI'd 10 study saud sn lUt' j"ing Ly sing le clas tic spln-r cs
( l.lr itAlJIWII(· ('t al., 1974), Broadb and Spl"llls UjWII tbc possibilit y of cha r-
;l<'tNj~ i n~ with a single trens.luccr bo th lll(' arntt cr er size dist ribut ion 1111d
"(Ill . , " t r" l,ioll I,y an il.llidysis of the a rnplitud .. and frequency cont ent of tilt'
s,';, l ! l'j"l'd wuces. A good und erst anding or 111('facto rs influencing the ge ner-
ntiou. prul,aga ti"n, scat te ring, and reoep t jun of broa dband ultrasonic pulses
is lll Tfh l 10 obtain quanti tative information on th e size and concentra t ion
pa r.nnetcrs. The major paramet ers involved in the pa rt icle-ultrasound inter-
action are: the Ircqucucy-dcpcndencc of the tolal and differen t ial sca ttering
cr e ss SI'l' !.iO llS, part icle con cent rati on , a nd the sceu ercr size distribution .
1.2 H istorical Background
l!ilc!>scaUering problem s involving spheric algeometries (i.e. solid sphe re,
Furnn , 1951,s pherical shells, Werby and Gauuaurd, 1987, coated shells, Gau-
Il HU Tl I and Kalnins , 1982, e tc. ) ha ve 1"''1' 11 trea ted for the las t 50 yea rs .
'I'lu-.... 1' r(," I " Ill~ orr- umde nont r ivia l by t ll(' st atistic ,,1 nature of scattering
from an ('ns{'llI l,k' of sn it Ir-n-rs (1\lilTshidl 111 ,,1 lfiL, d ilid, l. ]llr,:\l <IS w,, 11 i"
by illlllll'nr t'S such 'IS I IIf' ,l!,r;ri n ~iZI', sllllJlt" IInrl oril 'lIl nli Oltl , illlflllw '1w llily
cauhr n-nwvcdby pr" pc']"sig na l ilH'rngi ng, h ill Ilw r1d,'n lli ni:<tk pr" l.h' lll ur
in d idcl1l1rl srnttcrer cross sec tion nn'nsttrvnu-nf III' rOll1ll1l nliun is nmdl I c 'li ,~
t rartnblc.
T Ill' Ilrill"ipk nudmcthods for barksr utu-rlug mcasurr-mcut in ~oli cls a wl
in wnter arr - sililililr, hUI t ill' {Iellsily of tl ll' ."',dl , 'r"t:< in sulid:<i" 1Ilfl,'II l" tw 'r
t ha n in water. H('sc'a rrh dforts flit till' llilrksl'lIl1, ' rinl!: l,roh ll'lll ill su lids
havebeen dln-ctcd a t eharar tvriaing the stnr j,sl irnl rt,la l iutls lrills 1lI'lwc'C'11 !.IIC'
energy of th ,' nlt tasouic wave propaga t ion allil ti ll' IlI"nl \'ar iat.io ll uf tI ,(, srnt-
tcrers Ll'rit IlS{' of man y ra ndo m physical par.uuou-rs, such us grlli n sizt" p;tilill
sh ap e , ;rllin orlcnt ntiou, qualit y of gr ai n hO llll< l ill' i,'~, t Il(' I'fUl'u rt i" lI o f ,-111'111-
ical roustitucnts, an d multiple sfill l e ring 1I1l1mJ,l( gruins . BI'c ~' l la11l ( IHf)(i ) W:L~
able to demonst ra te tha t th e at tenuat ion or ha"h n ' tk ll' c1 l'('!l{){'li wit h (lis,
t uuc c in metnlsis re lated to tl l{' llV<'rag{' grain Si ~A ' of llll' sp ('c,iml:n, Alfl ri, IAc '
( 1969) ronfirmcd Bcrcha m's resul ts ,Iud l'ollf:I'uh'r1 t hill, thr- ,lis t rilllll.iolJ uf
g ra in scat tering rross st'rt io lls ran Ill' o h t ;,j rll', l tl lnmgl l llIult ipl,>lIll'llSflrt'l ll<'lll
furllw r iml'r<lw',1t1li,~ id"it ,,, !II'm' ur-..llrilh"l y ,1f'l('rmiJll' t Il{'" ;''1Wr ll'r! ampli-
whb-h -a u ;lls" Iof' 1l~" . 1 for ~ 1I~ 1 )(,1l,1.,tl pa rt icle uu-asnn-nu-nt ill wat er.
";11 prop,'rLi,'., of hiuln~i<' ;' ) '~"atll'r,'rs as a comprcs siblctluid sphe re (Johusou ,
)977, G ro,,'ulaw , 1!)S1) or to us r- a semi- em pirica l approach l-ased on labor u ,
lllry 1I \('; l s ll n '11l" ll l ~ uf j ypir-nl cr oss sections (Love, I9ii) .
Fo r work on ;"-,,usl·ir s", llt e ring by suspended sa nd pa r rlcl.-s. bo-anso th e
<Iisl,;l1lr('S IJl'L\\"l '(' u the scat tcrcrs usually are much larger than in solids, and
S;lIl1l l' .1fLid,'s a rr-net so irregula r as biological scou crers . the multiple sca t -
tcnngcouldhI' igucrcd. The ap proach was then L( I model sand particles a s
solir! sp lll'flO:; of di [fef(' lIt mat er iels. Th e scatte ring and backsca t tcr iug cros s
M'd ion s of sing l(' particle or saud clouds can be calc clat ed thcorctically and
nu-nsurcd in labornto ry, Theo retical ca lcu lat ions of scattering by nonbio ,
l"Akal particulates ha ve 1,''1' 11approached primaril y thr ou gh clast ic or rigid
materia! { ""];l sti f " l1Wit1\S that shear and compression waves ma y props-
~01t" wi l hiu l Ilt' lIIall ' rilll , O1 H'! a ~r i g i d" material in 01l(' ill which 110 sou nd
sui.l ill ~h ;jIl('S ( rrll'r~nll d, 111.. I!t:-:O). or ~ I i~hl ly IHUrl' ,·ullIl'liri ,1t·,j ~ l +;,p.·~
surh a s fy lin. lp rs Wilh ~Jl lll'l'ic;d "II,[.,-;q ." (Xlll11ri dl <'1 al .. 1!lsI) , SI"'II,!', a lld
Illll'll ll atioll ill d ilulf' a'I!II'oIIS " ll" IJI'I1~i "J1" IIf "Hnd wilh IIII' I llt'" ry. III t Il"
thcoretical ca 1c11 1at itll1s.11,,' s,·;,tl t'rer w a s ll~slIm, '. l to Ill' s1'II1'I,,";ll, nnd pi·
pa rt icl e is infinilrl)" .1"11"(" ) "Pt" rt'~1l11s "J,mn,. t thut t ilt' r i.u; i,l llltJ\";,1.1" III." lpI
provided the- !Jt'sl ht 10 t ill' ,1;1111, hut I.IHlt tlt l' llll;,1~!,;, tt l 'r i li ll. .-r ..-,s wdi"lI s
were stillIargc r than lh eury
One illl!1Urlil nl a pplieation of ~ilI l d gruiu llwaSllrl' IIlI'1I1s is I,,, lSti lll;l1. '
sediment tran sp ort Dk l1. in 19·18 first SUggl':-tl ,(! a met hod fClr "h l;,inillg
esti ma tes of suspende d -."lillWli! rcuo-ntretion in the oroan I,y 1l 1l'; ,sll r ilJ ~
ultrasonic scat ter. Flamme r (l~l 6:!) mensurcd tl,o fr('qllt 'lll'y c1I '!"'lll l,'IiI'" or
ultra sonic at tenuation for man y dilrl'rl' lI l ~il ll . 1 si:w rra l:l iv"" ill 1111' "Ull/ Ill
rrc1Illt>ncj' ran ge or 2.5 102;j M Hz. J1is rr-suh s w{'fl' rl1collrl, gi ..g ns r"ll;arrl s
t he p os sibility o f measuring tlx- r onccu r rauous of lhe actual silud ir its si ;f.l'
distr ibution WAS known. ,II1 IIM'1j "t a]. (IU77, lfJ7!J) de vdopl,<JIll! Ilh r;oslIll ir
Dopple r scattorcnu-ter, On siruil..r pritu-iph-s. various ","!Justin ,l uu'axurt-.
meut systems, such ;1" ,\ BSS ( An>ll~lit'id HIII"ks '-<lUI'r ill.l; Sy -;!<' lIl, II, .,. "~ ;111 .1
O rr.I !J7Q; Orr an d II.", If/ii:!; 1I .' ~~ illlIl B.·, l funl. 1!JS.'i; Lynch I!lS,,: Lyll d l"t
il l.. I!J~JJ; Lyu-h a ml Ap;r,\w"I, IfHII ), :\( ':"1 (Arllllstif Coucoutration Moter ,
;d ., IY!JIJ , IIIl S ( l ilt r,N JlIi,.. lJlJpph 'r Srill1t'TUIIII'I'·r. S r h ll a f~mil d al. . I ~ I .' 5 ) .
111 1,1 Ill<' Ui\STRA N sysk lll ( Hay ct at, I ll:>''': Hay, 1991) were d \'('lnpPfI
fur nl<'i1~ 1\ ri llg rrmcentrat.ions and ~iz,,,, of SIl~lH'n d('d parti d es. Ha y (I!JS:J)
" II1I,luy,'1I II l!J2 k Hz a(,(JLl s ti r~ 1 i!lll'k!'l'illtel' system to tllrllsu resu~p('ll(I ,'d sed-
iun-nt in a Ilrgal ivI,ly huoya ut, mine-tailin g ,l i ~f ha rgc plum e in a s ldJllHIrine
,' !lil IlIWI.
All o f lht'S(, s tudies ha w .l"l1lo llslr,,\ed the u t ility of acoust ica l remote
s" Il~illg t echniques with respec t to th,' scdlmcnt t ran sport problem. One of
I Iu- muainlng d ifficulties ill the quantit a t.ive usc or these techniques is t o
,1.·t."I'mil lL' l!11' acoustle bil rk~rat t t~r cross sectio n of natu ral sand p recisely ,
which is 1H'('(letl lo inrer t lin' bn('ksraltl'rl~J signa l to act u al sedimen t ron -
rr-nt rat ion .1I11! s ize. The' pLl Tl IO~e o f tln-wo rk prese n ted here is to illwsligllte
t ilt' Ill'!' of uroadbiltln sys tems fer suspen d ed flitr ticlc back scat ter cro ss sec-
I ion UIl'<ISIlI1'IIK'lIt, ill orde r (0 provl.lo higher resolu tion u-ce suremeuts orthe
nCJ~s ~1 't'1 JOIl thnn ohtaillC'd previously,
1.3 The Approach in Th is The sis
,\II " f 1Ill' iun'" , i~ a liol 1 " of ~il ll . 1 I';,rti,'l,·" 11H''' '' ' '!"l'lIl1'ul 'Iu'u ri"r" ',l "1,,,1'"
1'l"tl<tch i ll which il l ,toml1>a llll )1111><. · i ~ lI~' ·o\ . Tlli.- I" 'l lllil" 1l," ,ISlIWllIl'IIL of
r-t :II. (Ulj.j) iun -" I igall ·,1 t he fi'la! io n I,d 11" '1'11 Ill<' rd k,.h·,j ,WilliS! il'id I'tl'."
sureand Ircqurncy fu r si llg ](' clastir- s pJIl'tl'., " f uhnuiuum. Iora ss, IIlI t] 11lll gsl! 'l1
t'llr ],j,r" ill \\' ,,(1'1"by using <~ !,rwl,ll.a llll h ;,u",[ n,w ill tlu- I r ;1I1Ml l1n 'r fllrli..l,1.
tl.n t the p iston may he cOlls;.lrrf' d <t INlillt sonro-, til!' I,UWN in t l1l' IW1" 11
d", 'rril.«'S as thl' reciprocal of tl1l'Mlll.,t!' of tlu- tlisl; ' lwl' 111111 1.11(' dist ril' lllj,,1t
of P(l\\~'T w ith angle and disteure is uun'h uum' " lIlll p] i"iI!!"!. 'l'hc llWilSIIW ·
IllerIt s Ilres(,1I 1,~111 ('rcar(, mndein t lll'lIl '<lrfj" l<1 of tlu- LTalls,IU(l' r . !,,',-allsl'
ill tilt' IIr ilr fit'1rlthe changes ill b-nm r1i;IIIIt'll 'r with rn 'qlll'llCy /ln~ smnll ~lIt l
the power a veraged o ver the beam di amd t' r is nppru xim atdy iIHlt'J" 'IHlt'1I1 or
III«nh-rl e 11 1 1l1,'r ,~1 il tl,1 111I' dl ;,r; , r\" r isli r~ of t 111" ;WUIl~t b-al ncarflcld, the
HI·i,rli,·l,! ;",,,":<li n.l I' rt 'Ss lI r,. ; ~ "aln lla1<...1 111 ,...n-t ;".,l1y ill <'1 1;1I11, 'r 2 " f this
II",sis. '1'1...... ,, ~" in whirh the vihrnticn atuplit udo "" IIII' surfurc of the
"XI\ ' II~i, ," ,,( Ilf " \';I"IS work .
lit <"1' ,lpl" r :l , 1\'\'I'rl'SI'II1. meas urcnu-nts of ti ll' v.:nialiml:< lnthc amplitude
sl""'lrlllll "f tln - l" dsl' rd l"r! f'<! from an air "I\'lIt{'r int.'r filcl' as a function
<If clisl.;IlWl' ill tIll' ncarfleld of the trn nsmittor. Tho se Illl' ilsurCllIt'nls a re
"Ollll'iln'd wit h tlw Illl 'o fd ie,,1 results for rh«III"c r a g" nco u-t icalprcssurc Oil
tln- n-ceivvrsu r fill'" From Chapt N 2, Th e results a re used to obtain estimat es
"f Ih,' overall sysh'1Ilsensitivity constant as a funct ion Cor frequency, which
an ' 1Il',...lcrl for the determlnaticn of absolute SCilt t crlug CfOSS scctious.
In rh'll'h ' r -l, IJI'p,inning with backscau cring from il s phere, \1'(' obt ain
a n-lnrion1,,' 1ween the receiv e r output and t he c onreut r nt ion, average size
;lIu l I'arksn ll u-r rross section for sus pe nded part icle clouds illuminated by a
hrua ,lhil1l'laromtir.l l lJt'lllll illt lwl1l'ilrfielrl.
Tlw "XI"'r iI11l'J1 lill moasuromonts of till' l>"rksC ilt lt'j"cross ,,{'t'li on or sus -
pl' lll l,...1sam l i1l"t' l' rl 'St ' lI l , 'd ill Chilplt'f 5, T1r t'.~" a rt ' new r .. ~ ults, representing
til.. fir:-I "",sp'11lIN! I.art id,' I"" 'k!,<',l l h -r ,.......~ !'<"{' l i" 11n )l';'~l , ro·n"·l1 l ... ,\·jlll ..
I"w,d 1,;. :_,1 ~y sl' ·Ill .





2.1 B ackground a n d B asic T h eory
III onlcr to obtain consi~tl'lll measurements of size and concentr ation
ur suspondr-d partid,·s ill nca rficld, the difTraclioll effects related to the fi ,
lIi t,I' npcrt.nro of I he t ransducer and the characteristics of t he acoustical field
:llf,,<:ll'. t hy lilt' v{'lority distribntiou on tilt' source surface should he inv,
tip-IlIl',1 ill IIl'1a;1. T I\l' problem or thr-batllcd piston radiator hasbeen very
wi,I,·ly Sl l1llil'tl rur wlrio lls npplicnricns . 'I'll,>rornplctc description of the
II
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SOURCEEI.EMENT
Figure 2.1: (lco metry of ci rr n! ilr p i ~ loJl
sound field produced by lUI acoustic pisto n i~ 1'.·IIt,tillly ,lj\'jded into lim
e-pa ra te paris. D il l,' pa r t of the dcscrlptlon is li lll i l r li to the "'Sion in t il\'
nM&hborhood of t he piston , i.e. in the Dt'a rfidd n-g tc n, whi le the other I"u t
is confined to t he Iaefield, the reg ion beyond tilt" I1carfield . Beeeusc of t il..
complex ua lureof t he beam pattern close 10 t he pisto n , especi aUJfor 1&1 ';(' ra-
tioecf ra d iator d iam eter to wavelen gth. the expression for the sound pressure
within th is area is complex and t ht>integra t ion of lobe equat ion for pressure
becomes a lmost imp ossible to per form explicitly. Therefore this problem is
usually solved by numericalme thods.
The re are seve ra l ('lead CXIJfCSs i(l1Isfor the fil'ld wll k h ar c used ill dealing
with rhis pro blem . They all represent solutions to thl' l'(lllllt iull [eoc rdiuut e
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(2.1)
thr- l"'II 11dtlry. 11,1'(' 'Ii is Lap lace's opr-rutor . II. p. It and 9(") are normal
,l il""l i"II, r;lllial coordinate, pisto n radius and vrloo'il.\"dist ribution of piston
Sllrf,W" n-spcrtjvely, ~ is t h(' velocity potential, 111111 J.: is the wave number ,
OIWlIf the expres sions for t Ill' IJl'arlielJ is that due to King (1934) , who
d.·!'i\'t's !Iis n·I,,1. ioli from <l generalized solution ill -yliudr ical coordinates
Ololililll'd hy Han-man (1914). It is giwll by
(2.2)
where <f'is the velocity pot ent ial at the field poillt P, en "= ~ is the normal
v(']udl)" onthe SOUTce surface which is uniform, an d II = (')' 2 - P)t, where
)' and II are scpa reticn constants [Harris, 1!l81). .Ju(JlP) and ) I(,l(l) arc
tlu- 7l'l"uth ,111<1 first-order cylindrical Bessel functions. On the baffic outside
fl = II , the normal velocity is zero. Williams (1951) li nd Greenspan (1979)
ll ~ ( ' d th is expression to compute the ncarficld of IIcircular piston.
:\1111111<'r expression is based a ll thl" timc-domnin Gr.vn's-Iuncticn ap-
f!roill'h, Thevclorjty pou-ntial due to II piston occupying a region .~ or a rigid
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p lanar hiCm" i~ liliwll by
Lockwood an.lWi lk a c ( I!Ji :I) used this ,'x llrrs siulI Iu "' >I1 I]' lllt' :1· . lim,·n",iulI;'!
accor ,lillg to 11Jl> 1IIlYS,'lIs' pr indple ami lakc'S 1111'fom
(2A)
T his equa tion 'o\'U 110>('(1 by Seki (19:).1 ) an d Zt, III11lC'k I I!J; I) fo r ..akulat iltlt
t he ucarfield.
NUllwrk al integ rlttioll ill;usua lly requi red to "akllliCl,' Mlulltl I'r''S>iurr ill
t he nearfiekl. However, fo r some cases cspcciolly "' I I",rg" r;, t ills of sou rce
d ianwtrr to lhl' w",\~'I" ngth an d at places very d os,- ti l!' I, ist ,," fa.:c'. it is
ha rd lo obtain accurate res ults by numc rical nu-tbo.ls IW'·ltll .~ o: t lw illl"gralt~1
Iunc tiou d Jallg('s \W)' rnpl.ll y. More r-llccfi ve methorls ((-.J;. C'l\"iHlil}!,1I 1!IXlI,
;\I /<1!l8i). lISilig I'XPllllSiIJIIS or Irllnsforl1laltulls \\" ' r(' lh,~rd"n' r11·v,·IUllI'r1.
"
Fur n'i,J sil llilLi/JIIs, the \li.~tril I11liolJ of n '/oeit)" 011 the SUdilW of rln- pis-
ton wit!lI utlw uuifnrUl. If til{' rryst id ,lispl'lre1l1cllt is doruiuatcd br the first
1ll",1,' of vlhratlou [i.r-. l.lH'r(' is no nodal ci rriI' 011the vibra ting s urface ('xn'p t
ill tln- ,>,IS"), Lln- vP!od lYOIl IIll' su rface of t he piston shou ld increase Irom tln-
('(1St' to the celltl'r, the maximum hcillg al the center. Dekker l't al. ( 197-1 )
1.111] Gr(,( ~ lls]l lt ll(1979 ) r-onsid-rrd I>otll simply-supported and c]"mjlC'ddisks.
Fc,r11 (lisk with silllJ1 I~' supported edges, radia l vibratio n of the .lisk is every-
1I'1I('rc Jlo~s ihlf' , hut axial displnr-cnn-uts at the edse resting on the support
aT<' zero. TIle velocity dbtrihlltioll can be expressed by tIo= Vo [l - (; )Z]. For
a disk with clamped edges, radia l displacements a nd axia l diaplacer ncuts at
the clamped boundary bot h vanish . The velocity distribution can Lc writte n
as 1'0 :::: Vo!1- (;)1)1 (for definition or different edge cases, see Timoshcnko
and Young, 1!l!i!i). Thuc sheuko ami Young discussed t he effect of t he veloc-
ity dist ribution al the source sur face on the ultrasonic-beam characte ristics
along the axis of such a piston. However, using only axial changes it is dif-
ficult to understand how the acoustical beh aviour in the whole nearf icld is
1Ifer1l',1by the velocity dis t ribution al the source ,
(I uyomar a nd Powers l J9S5) ,l id anot her iuler('stillJ piece of work. T ill.')'
rnlculntrd thc ac.uuslical pressure in the nearfleld produced by a piston eru-
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llt'd(h,d in : ( I) (n'r -spa n ' : (2) it rigid loHm!" wh id l ill ~ ll la h'~ llw sound wa\"!'
inlrrft'rt'llc(' Iw lIl'N'll front auel back t rnusrlnrer: lltl(1Cl) il n ,~m"11 1 ]"11111,, 'I'll"
r-ak-ulatiou wns pcrfomu-d ill ti lt' angular spr-rtrum ,lutllaiu ilttd Ill<' r<'sults
show that the' acoust h-alpn-ssu rr- i., Sl'riulLsly alfl'l'Il,,1 11)" t ill' tYI'(' uf I,alll,-,
IIp to lIOW , no exact culrula tio n uf lln- ,ll"(llistir a l prt-s sun- Ior tln- ,'''1L1 in-
\101]S wave caSt' in thr- w1t1,I,' lll'Mfi,'l,l , inrl ucling nonuniform ",·I"d ly .lis t rio
buuon on t he source surfac e. has apponrcd in t ilt, litr-rnture. Ila sl,,1 Oil I IH'
work of ]lasegall'a t·t a]. (ID8 ;1, IDlH), which Il"1 'il lc ~l llH' t ri1lls,lu"" r as it ri.c,i,1
pisto n wit h uniform normal veloci ty at it s surfilt·r. this l ht'Sis pro'S"lI l!' 1,11"
, I.-riva l ion of it formu la for l"ilknlat illg the llt'llrfi l·ltl sound pft'SS1lft' of u r-lrcu.
lnr piston with nonuniform velocity dist ribu t ion . 'l'hrcc -dimcnsiounl graphs
ate used to show the acoustical pressure ill tIll' noatfleld and lo rUIIII';m' re-.
suits with th ose prod uced by ,l trans ducer or uniform sur fa",' "t·l"dty. T It!'
effects of the surface veloci ty distrihution ill till' nea rfk-ld art' c1is(~ltss('(1 uurl
some physical explanations a rc givcu. At the Sllllt' timr-, result s ulJUtilJl'd







Figure 2.2: Coo rdinate system
2.2 Gen er al Theory
2.2.1 Case of Unifo rm R adiator
Because some results in the Hasegawa 1"1 at (1983,1984) pap ers will be
usedlater, ill t his section we br iefly review thei r work .
The coordinate system is shown ill Fig. 2.2. The origin of the cylind rical
coordinate system is at the center of the piston where: =0, while the spher-
iral coordinate system origin is taken at :: "" "D 011 the axis of symmetry. The
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n·l ority pOll' lIti ill, 0;• •nt 11 li.·l,l lloinl , t', fo r ill' lill lO'"i .,I"n ~'''1 1T' ' ~ l1rn l1 n ll l . · . 1
whi-rr- l'Uis tl lf' normal \'f·lod ly a t. t hl' piston ~lI r rll "''' Ii i ~ 111' di:-li lllt"I' (ru m
the field point to till' ~ lIf rllrl' d Cllll'u l fl'~ 1 011 t Ilt' pistou, 1In,1 i ~ ,!l,i \"t' Jl Ity
(~ . fi )
a nd
cos F = ('OsOcos 01 +s in 0 sin 01r''~ (1) - f~ .l . (~.7 )
For th e r ase of relative sou nd p rCSSIITt' and unifo rm velocity distr ibution o n
t he so u rce ~ Ilrfac(', th l' constant ~ in ('qlhl.liIlJl ( :!..'i)"1111 III' iguo rerl and llw
equat ion rewriueu as
(2.8)
By applying til(' relation (Arfken, 1970, ]J,7fill)
e - ik(r' -2 ,,"c... r +rll ; "'"
(1.2_ 2n'lros r + ,.n! = -ik,?;PU + 1)jn ( ~T ) II !:ll (hl )l',, ( f"US 1') , " < "I
(:'U 1)
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wln-n-j" is IIII'spllf'r i"1l1 H, '.~", ('I Iuuetlon. It! ,~ ) is lIlt'spllt'rirxl Hankel funrt ioll
of 1.lu· "" -",,11 ,1 killd, Illid I:, is lhr- Lrl!;o'nrlw pnlj-nmnial, equa tion ( 2.8) ran
Ill' n-writu-n <is
(2.11)
Aallff1itl~ LIl 111(' addition IhC'OH'l1l [ A rfk cn, 19iO, p:;S2) for Ll'gr ndrc poly-
nomials, it follows t lllll
P,,(w s Orus OI +S i IlO,~ i Il 0 1 cos{6 - <)\ )J
= 1',,(m sO)P.,(rosOil +2 t (("- IIJ);
",.. ] n+11I.
1',:" (rosn)J~:"( COSOI )cos m(¢ - 4id, (2.12)
where P,~' is 1he assoclat od Legend re function of the first kind, 11Ill'gra t illg
bot h sides of ll1l'nbow eq ua tio n with respect to tjJfrom 0 to 2ll', we have
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=:2;;,/ '"( n~Ojf',, (n,,, O l ) [:2,1:1)
";(,,,0) = ::~ ,~~, ('.! /I + Jjj "(b'l /',.(r",,Ol!,, (1.o.7.,l. (:.! . l,l)
where
Zo = ~TO ' Z. = b'o , and 1'. is li lt' IJisla lll"(' from ti ll' rim of 1Ill' Ir illl " l1l i lll ' l
to the origin of the splll'licnl """r.l illill!' ,. 1' ,,11'111( Fig. :2,:2). '1'111'11 " aI',' 1l,i\"' 11
by th e il1tlt'finit" illlt'g ra J
(:2.11i)
an d satis fy LIlt' relations [Hascguwn ct al. , HIS:l)
Pll '
A,,(Z) = -Z ['" (~)II ~,~dZl+'~l(- J)"' +J(21! - '1m+l)p"_,,,,,(~) h~,~~~.,, { Z ) ,II ::::2
(',!.17)
A,,(Z ) +A.._~ ( Z ) := _ Zh!,2!I ( Z)[P,, ( ~ ) - f!, . -A~)I , (:l. IH)
Here [j] lIle<llls 1111' integer part of ~ . Fo r iLpiston with a ll nir" rlll ",dol'-
ity distribuf.iou , ti ll' a bove fcnuule I';L1Ihe used (fir t 'iIlt: lLl a t i ll ~ tl u- ;1' ·<JlISI,i...r]
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l' tf'~S IIr< ' ,Iist.rillll t ioll ill tIl{' m·i1,'IlI,ld. Ilnwt·\,("t . t ilt' boundary conditious
il1l ' '' S' ',] UI'01l tlu- rty.~l a l nn- 011\'Ieetor whi-h will ",Ifl'.-t th e vrlocit.y Ilisl ri-
2.2 .2 Simply Su ppor ted R adia to r
;,:"w Wt' will consider the pruIJI('11J of nonuniform velocity distribut ion
0 11 lit( · radia tor. Th is may, in SO: HI' appli ca ti ons, 1)1' more realislic t han a
uuih-un velocity distr ibut ion. Fur lusta u-e, a piezoelectric crystal, as it is
\lSt'<1 ill ultr asonic tra nsducers to measure sllsp(,llll.' cl particles , fixed at the
('dW'j;and hacked with a damping mall-rial, willnot move as a piston but will
have 11 velo cit y d ist rib ut ion that is a min imu m at the edge and a maximum
ill the center. III the case of ultra sonic transduce rs, exper imenta l evidence
iudir 'tt,l·s l hat the velocity profllc has 11nonuniformdistribut ion rather than
i t uniform distribution (Shaw , 1956; Shaw and Sujir, 1960; Kikuchi. 1969)
Laura (1966) discussed tll(' Iarficld bcampattern produced by circular
rmliatcrs wlth two Ililretelll ncnna! I'cfodty profiles at the surface. One,
ndlt'tl till' simply supported case is given by the expression
(2.20)
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lind Oil till' 1>" ' I1l<lar y.
wt.r-rr- till' ,I" ;IH' constants n ' l'n '~ 1' 1l 1 i Il P, t ill' lI't'i l!:hl ~ for tlu- ,l ilfl'rI'1I1 vihm-
tionnl modes .
(2.22)
which s;llislil'l' tlu- llOund;Lryroudit icns
lk-re ('" has the sam e meaning as n". '1'1,1':'1'expr cs sicus n ,"slit utl· arrllrllh'
approximations for t he' ncnnal vekrclty of a cirrulnr ra di;llor ( l.a llrn, ll lCif;).
For bo th cases , they represent a reut ralmaximumnormnl StL I fan ' WllWily nnd
zero velor-ity at the edge. Prom til('shape'S ur ti ll' sound pressure Ilisl rilmlioll
Oil theacoustic axis (Dekker et al., 197'1 an d GH~'IISP;1I1 , 1!l7fJ), it rail b( ~ Sf~'l1
that the,\' a rc simila r (or th e two different C!ISI' S . I" ort], 'r tu easilycalculan-,
tlu- clampe d plut o caso can be obtained ill t ho SILmt' way.
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p,(cm)
Figllr" 2,3: Vt'locit)' distribution on tht' pis ton sur face for lilt' transducer
di;,lIwlNmt'din th t' t'xl>(>rilllenLs
The following analysis is based 011 the assumption that the first mode of
\'ibra tion dominates the crysta l displacement , So the velceity distribution
on the disk surface call be approximately expr essed by the form shown ill
Fig, 2,3
{
V,(I - 4) p, < "
",( p,) = . ,
o PI ~ til
(2.23)
llcre "0 is tit !' surfa("t' normal velocity as br fort' and Yo is t he surface
velocity at t he Ir<tllsmiUr r center, which is assumed to be unity for later
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By llsing equa tlon (1. 11). l in- \"(·l",·ity " 11 1110" ~lI r r;."" " f tlll· l'isloI11,,·
Sllhst itut ing 1'0(1'1 i illlu ['{!'Ial i" lls (1.:H ). il1Hlll , il1~ "'I'li\li"11{ :! . ~I I nIHI"' llI;I'
lion ( '!o j :!) ~i \" '~
Iii c. ;1)-;11
';(1",0 ) =J1.. --//--' c- ikll d" J
= j 1. [f l + ~ ) - ~II-i~' f: {2fl + I )j,, {kr ) " ! ,~ l ( hl ) /',.(<'fJ8I')! rI.• ,
" III a l " " 0
= j'4{[{l+~ ) _ ~][-ik E ('211+ I )
'0 rl l III ",,0
j " fkr.)},!,11(kl·l l t'· P,,(co,.I'),IOI]}l"lt11'1
== -2'ifk i f(111 + l)j,,{kr,)p,,(r f,.•O)[(J + ~)
,,=0 (II
L:Ah~21(hdP,.(~) I' ldl'l - L:·$h!.2) (h-d/·"I~)'frd . (1,1fi)
For nonunifo rm velocity disir illll liu ll till the' surf,ln' of 111( ' l'i Sll1l1. lIlt'
velocity pou-ufial al t hr-pniut P runs b !s or Iwu part s. '1'1)(' first part is sn 'lI
From 1111' l..st ~('l'l i oll 10 Ill' Ill!' r-xprr-saicn for tbr- ~' ilSf' of uniform velocity
llislrilHltioli. T I ll' 1'(" 'OI I (] piltl is 11,(' modifying krill which is caused by th"
v(·I,,,.ily r h illl~ill /!. Olll l ll' pixfun surfan ·, If \I"" ]l' (
~ IJ,,(Z. ) - II,,(Z,)
equntiou (2,26) cau tlu'll be n-wriucnas
(2.2;)
(2.18)
-2.i co. r 1 1
", (,',(1) = T E{2" +1 )j" { kl' )f',,, ( co.~O )({ I +;;f )fn (Zo ,Z4 ) - af k2bn(ZO,Z4)]
(2.29)
Elilliltion ( 2.28) is solved using intcg ratkm by parts and ti le rolarions (Ar-
fl;,pll , 19iO,/l,52fl,V5<l0)
Zh~,''(z ) ~ (2" - l ) h ~,'! "Z) - Zh ~,'!,(Z ) , (2.30)




I Iu{Z ) =(_X l + i2Z +2),-'z 1:!.:I:I)
BI( Z ) = -7.,,( 2 + iZ ). _. Z (:!.:I-I)
B~(Z) =Z""1(2 ) +:IZo" I(Z) - .1..10 17.) + 7. ~lto(Z) (:!XI)
83(Z ) = Z 2A3{Z) +T ZoAAX)- ~:\I ( Z) + ~ZUZ"I(Z) (:U li )
8.(Z) "" Z2[:\. (Z ) - ~ A2{ZJI- [10A1( Z ) - :!Aopn l+ ~Au ( Z )
+~ZDA3( Z) - -rA2(Z ) + ~ fj2 ( Z ) (2.:17)
8,(Z) = Z '! A,(Z) - ~ A,(Z)) -2I'A, (Zj - "A,IZj)+~A , ( Z )
+~ZOA4 ( Z) - ~A3(Z ) + ~ 1JJ ( Z} (t.:IM)
8, (Z ) = Z' IA,IZ) - ~A,( Z)I- ' 19A,(ZI - .IA,(ZI + A,(Z))
+2[W/h(Zl - ~ AD{Z)) +¥ZlJ/h (ZJ - ]:>A. (Z ) +~ 1J4(7.) (t.:m)
By use or thes e equatio ns, lilt' tl,lali fill hdow r-an h C· lIbt" inf'll.
I'll
II"IX) = Z'I IA~ (Z)-~A"_2{Z)J-:l L ( - I )'~+ 1 { 2,, - 4 m + I ) A"_ 2 "' ( Z }
/I ,,,"'1
+:l(~IIII- I) ZuA. _,(Z) _ 2(11 - 1 ~~ 2'1 - 3l:t ,,_1(Zj +n: 10,,_1 1/> 3
(2.·10)
,\ I.U\'(' t'qllHliou rail ht, furlhf'T ~ill1pJi fi('d by It>ttiug
Ii i
!/,,(Z } = '~I(- Jr" + '( 1 11 - ,1m +1)A.' _1",,(Z j
•• (Z) ~ .,(Z) = 0
11';?:2 (2.41)
(2.42)
I ~ _ l l
H,,_'I(Z ) = ,~(- J)"'+1(211 - ,1m - :J)A"_ 2'''_2(Z )
Tlu-n, l.11l'followingrecurrence formulas call he obtained
Il ';?: 2 (2.'13)
9,,(Z )+9"_2(1:)= (2u - 3)..1"_1(Z ) . II ~ 2 (2.'1,1)
Su J,~ l i l ll ti lLp' 9,,(Z) into ('(J11ation ( 2..10) finally gives the recurrence for-
111111a fUf 1J,, (Zlas
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IJ,,(Z) '" 7,'11:1,,(2) - ~tl,,_~(Zl/ + :!.:.~';;=-!1ZII . · I" _dZ) -
:!(II - 1~;211 - :I)A" _'l(Z )-:!,f/ ,,/Z)+ :I("I~ 1) !I" _ ~ ( i:' I +~H,, , l i:' I, II :;-:\
(:lAo'l}
{ 2.·1"; ), ( 2.,I.i), ami ( 2.2f)J . Ik f illl,' l' n" ilfll'r " .xilll'ltjlln i ~ n ~,'.l i ll 1111'
solutio n, E'l ualion( 2..15) ,' 1111 I)C' proved hy oIilfl'l'I'lll iill1n)! its rwc si.I" s willi
respe ct 10 s, an d det ailed pron·dllw is gi\'l'll ill Apju-udix 11.
2.3 N ea rfield of a Circula r Pist on
In order to iu\'('sliga h>t Ill' m-arficldr('p;io ll, ti'l' l\('O ll s lir'i,1 p n 'SSIIf\' which
IIsC'o f th(' nhcve cquatjons, fur points !o ral l'd Oil il J,;ri.l ill lilt' r -t: plillll'.'!'I)/'
pist on axis corrospomls to ti, l' :: r-oordiuau- ( Fig. '1.:lJ. 1'11.1 I,lli' " rl IH.,!!,'ltI ill
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uxjs , s" w,' ouly rflnsid ,'r S0l1U,1 pn 'sslire in n il' pIalI(' of r > 0 and: > 0,
.'w[,amlll l'tr'rs WI' ( hns,' for (f1!(u lilt ill.e:llw ....ousticel fiC'ld ere I Ill' sa me as
T la' functio ns jt<, 1t~1) . I~, . A", 1I1l1 B" ill" culculatcd by use or recu rrence
fOTIlI UIII. WI' dllJ Sl' til<'c1isl llllfl ' from the origin of the spllC'ril'a1 coordinate
S}'sl l·tIl lu tin' orig in of tlu- cyl illd rir ..1coordluutc sys tem to be I'D = 22 em,
T Ill' (lillJlwll' r of ti n l'i~lnll b equal 10 1.9 I'm, t he Frequency f = 2,0 Mfl a
aud l lll'.~PI'l'd of SOllHl in wa ter b taken to he 1,IS;) lTlS- I , We chose 1'0 = 22
CI1lSII that ,tL p lan' s being larger than 0.2 em fro m t ransduce r surface they
all sati:;fy rdal.i ollship r < 1'1 ill equation ( 2,9).
Fig, 2.'1shows the soun d pr essu re on the acoustical axisfi.e. the a ax is).
TIll' daslH'd and solid curv es. re specti vely, a re the resu lt s wit h the nonuui-
Ienu and unif or m \'t'lodly dist ributi on on t he pis ton sur face. For a circular
piston wit h 111lifun n \'l'!ocily distribu t ion o u the surf ace, the lest max imu m
ap [)eari ng 011 the acoust ical ax is is dete rmined by t he equ atio n (C lay and
(2.46)
whe n' (II i ~ [1](' pis ton radius and A is the wa veleng th . Fo r 011' cas e , f R:: 2.lJ
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.\JHz ;lIul .\::::0.7 nun, tl!is givt'
::,::::12 .:!flll . (2.n)
This "1111 h seen from the solid cnrvo!n Hg. 2.l While both curves in
Fig.:!A .•1,/)\\, llIaxima and minima, it is evident that the amplitude of the
d ;I..IIt~ II·lIrn ' is verysmall compared wit h L1lat of the suli,] curve. As well,
t.herr-i.~ no zr-rnpuirrtfor the dashed CUTI'" , and its last maximum point is
1l(';I lW til!' piston slirfarc than that of the soli,]curve ( approximately ~~ ).
.\lI lIf l.hc~,' eharactcristiea appear to be ill good agreement with the results
of Dckkern al. (1!l74) ami Greenspan (197ft).
FigIlTl':i 2..'i and 2.6 arc ,3 -d il1len~iona l graphs of acoustical pressure for
uniformandncn-unifcnnVo respectively, Wccan see that the interference
pattern rx i~ t.~ in both of them, but Fig. 2.6 looks much more regular and
smooth, The differences between maxima and minimaare smaller in Fig. 2.6
Ih;11Iin Fig. 2.5. These ligures imply tha t througll controlling velocity dis-




F'illurf' 2.6: 3-d il1lt'llsion gr llph o f acoust ical press ure in t he nearfie Jd .... it b
nonunifo rmsurfac e \'eloci ty
2.4 Space Average Pre ssure in t h e N earflo ld
nroustical axis is often importa 11 , \Y•. willnsr- l lll' fur l11l1 ll1P oht.ain..1,. I'on '
rodotennino h ull' the acoust k-al pn 's,lIrc' "II lin ' pliul!' whlrh is ])\ 'rl'!"ldi , nlar
10 the ::axis Cllil llgCS wit l! axial distanc e.
T ile'coord inate sy stem lISpl! in Ih,· "IIJ,-lIlilti ous is tln- Silll ll ' as ~h(IW I I ill
Fig. 2. :.t Assume the (,il lr ul" l iu l l is ra n-ip!! »ut fur til(' p lalll ' :: = 1"1, im. l t In'
space average value of ,) OI"lT the- fl'n,j \ '; 'l ,l!,r rys t nl is
(2.4!1)
(1 ....iO)
Subs t itut ing equ ation ( 2.2!J) iut o ! ~ l lI a l ion (1..18) gives ( lwrl' I'l l' 'I S!' 1'll':'i:'i1ll"<'
instea d of velocit y potential ]H'CIUISC t he tlifTcwm:c l.CtW(~)1I t h(~lIl is j ll:'il u
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- I "x. ,.'1
< ]1>= r.;;f'.!:i I~'('.!U+ l l[fl +;j l1.lZo. Zd
_ I/l1p lJ,, (Zo, Zdl i:~I'JL1' i.( kI·)pi'u ~ r1)rd,·dr$}. (t,.'; l )
'I'lp'i nt ' 'gfilliull Iaoor (:<10 belii n ll'tirlC't1 as
J~~J., f· i ..(L-r)P..( l'u ~ r, },.drJQ
= ~Rcll;::~" 1 ZlI!,l' (ZjP..(~)dZJ
""~Rt[J. ( Z~ , Z: )J , (2.52 )
lI"l~...• Z~ = (ro - r, )k and Z; = r.2L· wit h r. ~ h<'iugthe distance (romthe
rim" r t Ilt" n'("("i\;oll plane to the origin or the sp herical coon:linate Iyste m .
E1lu..l t io n ( 2,51) then becomes
< j' >= -'~3 'l7l'2iE(2"+ I ) I(l +~)f,,( Zo . Zl )-+I'1 b,,(Zo, ZdIRelf. ( Z~ . Z ;)J
$'l ~ . ,, 0 a l (l /
(2.53 )
Fig 2. i shows th e vilIIWS olAI'(' r a p;I' acous tical p ressure on receivin g planes or
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Figure 2.7: Average acoustical press ure on t he I l i lT~r('n t size of r('cl.ivillg
surfa ce (rad ius a2 ) produced by tra nsrnifte r (radius al ) with the simply
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Figure 2.8 : Total acoustica l force on the diff("rC'nLsize of receiving su rface
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Figure 2.9: Average eccu sti celprcssurc on different lti..<' of receiving plane
produced by transmi t ter wit h uniform surface velocity .... l 2.0M lh
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,! i Jr"l i ll~ ~ i7.1"S as a Inurtion i,xill distunrc c. From thc«- curves the following
( llAI"l'n,~,' va lues uf pn>:< slll"t' d"'"l'asl' with inert'asillg radius, and this
Itl"H IlS t.lut lwam imcunity «mront rates ar ou nd the acoustical axis z.
(::!)\V1H'11 the rad ius o f 111l' receiving a rNI is around 1.0 to 1.1 times that
or IIIl' l,nlllsllIitt ing area, tIll' 1l\",'ragl'pres-nrc al o ng the acoust ical axis is
(:1)\\'11<'11 the radius o f the rcrviving area is ov er 1.1 t imes that of t he
1I',IIlsmin ing area the a\'('rilgl' arcustical pr essure in creases along th e aeous-
lit'ill llxk This point is more eas ily sron from Fig . 2.8 in which the curves
Tt'l'rl'S I'II I, total acoust ical force 011the r('{'(' iv illg pla ne a"J a ll param eters are
t[ ' I'"~ill1 l<' as for Fig. 2.7. For 112 = 1"1111' th e total a co ustical pressure reaches
its maximum , an d then it decreases again. This is because of the effects of
diffmct tuu aml in t erferenc e. Iisually divergence o f beamwid th is tho ught t o
Ill' unimportant in the ucarf kltl, but the CUT\'CS in Fig. 2 .8 suggest that it
shouldnot be ignored fer somea pplications.
Fig. :U I shows results when['0 is unifo rm. The param eters used arc the
S,U1l 1' ,1l' 11,0S1' in Fig. 2.7. B)' com paring Figures 2.7 and 2.9, il is easily
seen lImt the average a co ustical pressure 0 11 the receivin g area a long the
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acoustira l axis d Hl1Igl'S less Wh"11 the boundary ro.ulitiou fur ti ll' silllpl,'·
~llPllUr\{,tl ra-li.uor is applicd. Till' ,,11I1lt's <If I1Il' '· Ilr \"('~ ill Fi)!. ~ . ; itT" ,lIs"
smalh-r tlum thus .. in Fip;. :.!.!l.
2 .5 Conrp ariso n with Numer-ical Integr a tion
The anJllstka l press ure in t lu- IWilTfi" I,1 I'xl'n·ss, ',1 ]'Y ('(llliltinn ( :1.~4 )
CIlIlbe integr ated numerically. In order 10 dll'rk \J il T result ;1I1l1 ;llso Lli Sl'<'
whet her a numer-ical me t hod is rr-ally rlr('ct in ' (fir ti ll' ri'S<' of lar,.;" Tilt i(Jo f
sour ce sizl' 10 wavelengt h ncar 1.1](~ SlIr(an' ur tll<' pjsron, wr- IISI' tlw {:1I11SS
q lladTahu(' mot .hod ( Pre s s ct al. HI8G) to inll's, 'at" r-quntiuu ( 2.14).
Th l" co ordinates of t he piston hcing cOllsi, ll'rl"d a n- shown ill Fip;. 2.IU,
T ilc pist .-,Il has rad ius a \ . am i vibr ates wit h simple hunuouic motion nUI'Hut!
to its face. T[n- o bservation point will be a function o f T, tlw rilllial I li s I. 1U Il '( ~
Irom the reuter o f t he pisto n, and 0, thc eugle hcLwt!"11till' pis tcn exis and the
r adial vector. T he total relat ive fOTCC (all h e writ te-n as in (~'I\l at i ol1 ( 2,24).
T he rlist n nre R is given by
(:l.M)
BCGlllS("of the axi a l symmetry of the problem, the t otal fo rce on th is plane
xy'
Figure2.10: Coordinate system Ior numerical calcul ation
is
the piston and tln- r£'n 'i \ ',' r. !"roll] Fig. 2, 10 W( ' muy writ, ·
r-
r == cosO '
lind
Su bs t itut ing the abovr-into ('quiltion ( 2.55 ) antill sing l'tlll:ll i,," (:t.:!:I) ,l\iv. 'S
1.(",,-'?1," 1.2• ~ "~ S i IlOl' l (1 - cl.)F,(r, ) = - iw27r/Jo 0 ' II 0 (' -' II /1("05"' 0 . ' dt/J lllpl ,IO,
(:t."!l)
III Zr lllau(,k 's ( 19711 1';' IIl'r , tilt' I,b tull is , li\i(r ,-cl inl ,,:121f(T )' I·l" IIII·lIls
ill orde r to obtil in n'!iul t ~ wit hin 0.5% error . A pistun {If tI" lillS 1I.!j,j "I ll alll i
t rau!illlilt illg fr('(lllr nry or2 Mlt z 511011 111 th us I...· ,lh·i,I,...l ililu a t I"a"t 29115
elemen ts. III orth-r tn gl'l high accur acy r(·.ll lt,,_ 19'1 poillt (::"1"" ' Iumlril.-
t urc is usr...1 ftlr ('Hr h ur 111" t lll', 't' .1illll' ns iu lls "r iut' ·J1, rill i•.u. T lu·!l·r"n·, t ill'













Fi&ure 2.11: TIle total arullst ical force on the rcceivint; plane, for lJl = a,
and f=2.0MIh:
.3
III Fig, 'l. ll , tlw ~()li d rurvr - i~ roIJ1;lin"11 Inun "' I""ti"ll ( :!.;i!l) . ;1!L1 1 t l...
,1 1l ~ 1 1l ~ 1 ('l IT\"!' is Irvm r-quutiun (:Li:l). :'\1';<1'th, ' ~ 'l rf;W" of 11\1' l .b l 1.11 1111 '
1I111H'ri' ;11 n-snh t'xljih i t~ 'JS!'illal"r,\' l' I,II;I\'j'"ll 11 "1\"'\"1 '1', 1"',\,,11111 ;11 ",1]1 ~
nil llu- ~t)1id and dashed ,·nl'\',·:; a,!!, n~' \'l' r.l· 1\", ,11. lIll' ,lilf,'n'lIn ':; ;,1 ,-I":;,,
rau !!,,' art' !Jt'caust' inll'f r(,rl'lI("(, is IJft1t[ul't',l ltlililily I,y I'ha:;t· dilf"rt'lIn'li. Th,'
tn-an-r au observed point is 10 rlu- sllrfitn ' of 1Ilr' ],i, ", n. t il<' 1 1I r~I ' r I II" I.ha", '
tIiJkrt'IW"!ll'twl,t'llsigllilh i1 f f i \' i ll ~ rWlll illl.l' 11\'ugil"t'II" I"1Il1'1I1s"r I IIl'Sll ltlT" ,
lt is difficult 10 gt·t hig ll il'Tllr<lC)' I t" 1l11> lI ~ i ll,!!; llUllll'rin \1 flwth ",[s \\"1ll"lI
l'\'al ll ilti ll~ rapid ly varying flllwtiollS, II run I", M" ' 11 (rulll s" li,1 ,' 111"\',· ill
l\~. ( 2.[ I " oscillations ap pear at plaer-s dllw lu t h,' Ir;llIsmit lt' l' ,~lIrf;It"' , W"
have found Illa l using mor e poi nts in lilt' l'IlklJlaliull prod lll"l'S " Illy slight
d l;mg('s in the results. For larg l' ratios orra.llator sizl' to \\'II\''' ],'II/o:tll it b
ralcu laricn is very fasL(lI roll nd t .....o ti tuvs fa ~ l,'r than 1l1111wri"fll lllt'1h",l for
our case].
\V(' have th us see n thnt , ;, ltl l (' II~1 1 1111' [litll!'11i " f itl ''' Il.~l i''11 1 p t t'SSlir " ill
the ucarflcldis complex, b)' comparis on ti ll' il\'1'l'1I E';I' prr-ssu rc un t ill: n~"'iVt 'r
~I]r riln ' l ilri,-:;I1llrl! I( 'S~ illJprl·,"i"I ,ly with c1"' lI1',ilJF,dililIHlc,' a long t he arcus-
tiril1a )li ~ It i ~ 1 " " ' ;"1 ~" ur l itis t hat il is f(·,, ~ i hl,· to us,' 1..,cks,'" l l (' r Irom lIlt'






In lilt' prt'\' ioll ~ d l1'lpll·t . W(' ,k'f i, '!'<1 iI. 1 1 J I ~ ,rI 1 il" il l n-sult wlJi.-ll SillilY!>
t hat the velocity ,lisl rilmli" l1011 t he ~urrart' o f a Irilll",I'lo -r pi;,)"!';1lIillll' " r.
Iilnl role ill aITt" 'l1n,e tho pres sure firld. Fur It rl',\1t ransduo -r, 11... fll"'rilli" u
of l rll1Jsolu('{'rs mny hr>lI rf{'(t N ) by other vnrluhlcs, i nrlll rli ll ~ ( Iw ilt'IIl1 st inol
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Irir , ·I"'llt·ll l. Tht'~" fiu·l. m; <i ll i,IIlIll'IlCl'I III' Ionu uf IIII' lnl ll ~d llft'l" ou t 1"11 ill
t-nn- "r I IIl' 1'11Is,'~hal't' lI11<l l lll's l'a li a l \·iIrial iunSlJf1.lw l' T1·ssIlTl·alll pl ilu d l',
SlId , as I,ll" t·I,·c lr irn] i'r"lwr li," IIf 1Ill' pu ISt'r/rlocl'i \'Cr can play il roh-.
In vh-wof this v;,ri;,], ilil y. it is hnpor tant to d ,aracl t'r izl' 1111" l rll rrsd ul'l' r i ll
terms "f I r ilU smill il l ~ ;'U ,] 1'I'l'('i\'iug ('.-pouse Iunrt lon, without priur kuowl-
,·,I,c,'· o f tIll' ,Il'l /lil,',j iu l"rJlIll SII"!f'lnrl' of ti l('> Iransdurc r all ,1 its assncial,· {l
"ll·,.t rullin;, This is 11 11' ) ll l r p (lM' of our experiment in wh irl , the- <Jwril ll svs-
d ';Illp;illg with dist1< IlCl' Iroru t hc transmitt er will he mea sured. The met hod
til me-nsure a \'l'ra g., ptl' SHlfl ';S 10 lise t he transducer in the pu lse-echo mode,
with nit' Ir allsdllCl'r ilsl ·lf IlI'illA b oth t he t ransm itt er an d receive r . Th is
1.\'rhll;qlll · rnu yit·J,Jnmplitude. spec tral and spat ial info r mati on .
3.1 Measuring System
A g l;oss.s id,·,1tank of 90nn{lo llg) x,10cm(wide) x42cm(high) was 1J Sl~~ for
Ilu' 1I1. 'iISlIfl'I\l,'lll s. ," HI wns fillet! with deionized water, a s SllU\\'/1 in Fig, 3 . 1,
T Ill' tank was m"ll11h~1 ( '1Ia ll ;"I jlls l illolj' su pport, and 011the-lop uf t ill' tank
I.EVELI.INGSCREWS
Figure :U: Sketch of ."xjwrilJ)l'lI{i.1se-t up
48
tln-n- wnx I, ,,,, tlll'r IIdj IlS(ill,I,.,h·vin' wl,idl l·x ll ·ll'lt ·,j int o will,',". To lhl ' lillll'l'
WII:- " t tl ' ,.]l1·d a u.!/.", n il ri " l i ll.~ nJ r ll lJl { ·ITi ., l l,n' Il , I I, all ,llril U ~(ll/n·r wllirll WIIS
Wil h' , "ir illll' rf" n· . T Im renter. uPlwr (-{i,lll ), l'll tll"II"l'r(, 6d D) frequencies of
I,ll!' ( rlllJs. llln·r a re :!.O!J 1\,1 11 :-. , 2Ji 2 \lIIz. ilud I.;"W ~ll1z resncctively, Thus,
1.1 ... lcuulwjdth is around 6!/.!J% of tI l{' o-utn- frelllll ·lICY. Figure 3.:! sho ws
II ti IIH'-St'ril 's and spectrum uf tIll' n' Ol'c! I'.1 pulse. T Il(' dr iving sig nal, a 2/l s
\'lI1!,W' pillsI', is generated hy II l' i1ra llwl rics 50,j.jflR p n[s\"T/fl' ccivcr. This
Iwd il t j-pirn] rist, t ime of2()n s when Il ri vi ng a purdy resistive 50 n load. ThE'
sIWIH' (If t hl' emittvd ultrasonic waveform could be varied by adjusting the
1' llI' rAY und damping cont rols of the uni t . T Il(' s;,mplin g t ime is lO'lS, gi ving
i ' n.l :-.1111. frequency resolut ion find 0.75cl11 spati al resolu t ion. Received
tiulI" '["l11i1ill signals were recorded hy a digit»l osr -lllosco pe (LeCroy 9400 )
which \\', ' 5 rcuucctcd to a personal computer .\11<1 plotter through a GPlB
ill!t ·rril:l' . The l.re ro}' !J.l00 ha s two indepen dent channels , each providing an
:' ·1Jit sa mp ling AID converter up to 100 rt-H lz sa m p ling rate and 4k length
uf nn'11111 ry. Two other funct jcn me m or ies per mi l Fast Fourier Transform
(V F'!' ). ,]r'>l"i1l!:inl!: and other oper athms to [ u- performed. Therefore , it is






Fi~ lIfl ' :Cl: l)i ;' ~ I "11l illusrrating t il l' scll-rc-ip rociry fa iii,; .,1iOI1 rm-asuremcnt
rullll,utl'r ,
3.2 M ethod
The princip le of tile self-reciprocity measurement is illustrat ed in Fig, 3.3
[Reid, 197·1). In tIl(' self-reciprocity syst em it mirro r reflector su-h as a ll air-
watr-r interface i ~ used to fold the fieldgenerated by the tran sduce r bark up on
the sarnc rransdueer opera ted as a receiver . T he measurement can be made
t,jllwr in the Irausdurer ncer ficld or Iarficld. In the ncarfield measu rement
lilt' plane wave ap proxima tion is made, and in t he Iarfield measurement a
Sllht'r ira l wave is assllrnr d, Pll J ~C llll'th ods are necessary to allow t ime st'pa-
raliollllfl lu· trnns mi!l ,·d ilnd received wave. We willuscthe self-recipro cit y
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IlW"~lIn'1Il1' 1l 1 in Illl' t ril1l ~, llln 'r Iw ar fir-l.l 1',1 Iltiliz ill,C: sh"rl pu b, '" 1" ,'" Io-II I;llo'
III<'"\'""l lIt,, ovc-rull~y." I " 1I1 ""n sta nl ,," ,11o 111"11,111"1' ",-I" " ,s al"'I ,1!, II", ;,, · ,,1 1~ ·
tir- al a x is, us d"s "l'il""I I"'!.>lI' , IJ,'rilllsl' tlu- 111<','SIII'<'II WIII \ \'OIS ,'" rri, ',l '>ll ill
tlu- trnnsduo-r ue nrfir-ld. Ihi' d r"" l "r IWill11wi,lt l, s l'l"l'adiuj'; will I". ij.:,IIUIl " 1.
T ilt' on -ax is soun d prf':;~\lrt' Tt'1:l'in·d hy ,I t rnusdnrr-r , which ;1I, t ,~ 1 tll ij';i lm ll~'
(:1.1 )
whore J'. and /IJ an- thr- Iril l l~l1 lit l l' , 1 nudn-rt-ivi-d al'llilsti,' 1' 1"1"'';11 1"1 '" U"", a llli
o ~, an > till' wntc r-alr n-Ilr-cfion ("(wHil'i"lIt and "ttl'lma t iull in \1',,1 ,,1' I"l"'l"''' '
l ively . Let.Vo(t) illltll'i( t) Ill' , l"l','lwdi v('ly, the o utput ;\IId input, \'ul Lil ~" or t il<'
lustrumcnt w hich are Inur f ions of Linu- I, all(l '~I(l ) a lIII ,~.(I ) hi' the- cve-rnll
t ra ns m itt ing and rrn·idllF; r<'SpUl1M' uf 1111'system illcllldi lig 110t ll ,·I.. ln1lli,·,
and t rans ducer. TIl<'illSlll1llilll1'UlIS juri'!. 'l lt pn'sslITI' IJi(/ ) and lust illItll11"'llS
output voltage t'o(1) of IIll' Il,l"t'ilw arc n'spt~li""l'ly
1"·'1
1'0(1) =1l. (I } * .•,(l) ,
.\2
when-1Ill' ..stt·ri~k rl ·PTt~ '11 t.S 1111 ' n>ll11lnli" l1npt-r atic u. A"ro nliuA to the




S II1,sl il llr,illg 1':(IIII,t iulI1'( :I,ll, (; I.:J), ( :1.<1 ), ( ;t .'i) into equ ation Equalion(:I,! ),




111 our 1'lIspl'l1sion nWilsnr('llll' lIl WI' lire mor e inte rested ill V;(w) • S",(w)
( r illlt'ti overal l system rons rant] rath('r than SM(W). In the a bo ve equa tio n
It ..." nud n ...(w) ca ll be calcu la ted, while the Vo and: are measu red. So the
ll\'t'rall syste ru constant S!/ l';(w) is obtained . Tho equat ion for calculaling
rdltorliol\ ('Ut,mdt'1l1 R_ for no rmal inci dence is
(3.7)
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lind nwdilll11 tw« n-sprv-tivelv, III our r;' ~t ' 11,t' tt l"" i ~ ilr<111 11< 111.!I!I!I1. TIll'
whe n' T and Lure, respectively, tcmpcrntun - "r 1I"i11" r run] rn '([lll' llcy. WlwlI
in '1'11 1111' :J,I art' ihr- nWilsllrt>t1 n-sult s fur 0\"('1',,11 ,'.I"~ 1 " l1l n'I I~ I" 1I1 1/, ,,1..1
f(~Hlz ) 1.35 1.55 1.75 1.£15 '2.10 :!.:l5 i ,[15 '.!.75
B,t IIIV) 550 800 1050 II rlO I:WO It 00 81)0 {i.'iO
Ta ble :I.I: Mcusunxl ~t·n~i l.i\'il.y
For the re flection measurements, the distlllll't' Irom lilt' SU UTCt' I.u tilt'
rec. ivcr ruug.d from a.5cm lo l zcm in incrf>111l'nls of In n. Th is ('U\"l' rs lilt'
en t ire- ncarflcld for our case . To cha nge llw disI1ll1 t·t' (rum l1w lrans dlll"t 'r
t o the wat er sur face, wate r was withdrawn Irorn t ile ta nk by siphon. TIlt'
distuncc e between the source an d the water SUl r,lCl' was fld t'rmin("(1 fly
important lo keep th e surface or th e t ransducer parnllel to l he wat er sur ra!"!'.
·rI,,· , Ii~jtil l ,,~. · i lJ,,~,·. ,I'" WIfSIti~J,..n~ ll,,\· I I... .',II·,.'i 1'U ! ,,,Isl 'r /n,,,,'it','r ru r
,'\"'Q' trIfIlMuissi,, " . an.1 11u- al1ll,li fiMI('di u wa s a"(llli to',II,)" ti ll' digit a l scope
a t II ri'lo' "r ~!) ~ ll ll wil h I II!' n..f!('("h 'tl l'u lsc n 'lll rl'!l ill 11 ti ll l<' window 10
l'S 1" 11 ,!!; . An FFT "r ~ .;O pt! itll.~ with a Hnuu wiudcw Wi, s [wr f" l'lIlcd, and
II... ; t\" ' ri'~" ur ~un n·n ·;·",'.l sl",d ra \\ ' .11, c lllc lllnl . ~ 1 lei I' l"w tll rl' IW il\'r ritg('d
xpcrfrutu. n Uill ty II,,· , lill i' II'f'W Wilt to CUlIljsulC'1" to III' s tun ..1 for fur lher
l' r"' ·' ''!'o, ill ~. rll" I'\ " 'rlfh ''l l l'I' ,'Cl r lllll h as fr("(/u'1I1',\' r esolu tion or 0.2 J\lI lz,
lilt., " PIIl'r i1fl1l/o\l'l't !l.'i';t ("oll~ d('1l o.' limits MC'1.097 <llId 0 .90 ·) rC'!ipn :l ive1y
(0 1", ,,,,a1ll1 EIlUd lSft ll, 19i2 ), T ile Hanu window (Ul llt'll.1nd Ellor hson,19 72)
wa.' ("!tUN'll r. lr 111C'Frr so k-akagC'would IX' ('O lllilll .. l to rtl'lI Ut ' !IC K-l; close 10
3.3 R esults a nd Analysis
Iln ', :1.1 .unl :1.;"1Shull' I III' 1ll,'i\Sllrcl111'nls fo r till ' n-lu t ivc rt 'r{'jYl't! voltage in
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Figure 3.4: Normalized amplitudes of the pulse reflected from an air-wate r
inter face as a {unct ion of distance, al 2.0 MHz. The mC/!,MHcillcn ts are shown
by the solid curve . The da shed and cross curves arc t he calc ulated result s
for a non-un iformly and uniformly vibrating piston , rt~pcet ivdy. The erro r
bar represent s t he 95% confidence limits for th e 1l1 (""~'H(, lII( ·lI ls .
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Figure 3.5: The solid, dashed, cross curve arc measured volt age output of
receiver against distanre along acoustica l a xis for frequency 1.4 MHz, 2 .U
Mllz and 2.8 MHz, n-speetlvely,
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"llrwsflor 11l,· tlir(',' ,lilf"l't'llt Fn-qm-r...j, ... "r'" \1' 1',1"~im j l a r. \l' lt i d l 1Il1'0I1iSl1wr
IH' ;1I1,wi,l1h in lht ' lll·arfi,·),1 i ~ ind"I" 'II,I.'1I1 " f I) ... fn~I' lt'I "'Y , '\lI"tl "' l'illt,-I'_
"" lilt~ r"i\I ' lrl' is lhnt , 1''' IIII", r ill ':' with 1111' I h" Il" l i",,1 '-111\"<"'(' 1" '"'' "u n ""' )
lion surfarr-. Th is is (liM"u"!'t..1 ill l!" lil il ill IIIl' 11''''1 ""di"lI . '\ l ll u,,,~ I J ti ll'
t ilt' rn"/I .<l lrNI " lIl'\'(' s1<n' l1ul Jl;iJ;lIi li, -it l l l.
TIl('Fig. 3.6sho\\'s ll it' 1I11l.l!;ll i l ll ll l' {If I I " , at u-nuatiou krill. , ._1" ..(...)< . rur









1.2 I., 1.6 1.8 2.2 2.4 2.6 2.8
F~ency(MHz)
Figure 3.£i: /\Ucllllalion of acoustic .....ave in wate r rhangcs ..... ith frequency at
(listitll('(·IO.6 ern
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3.4 The R el a t ion o f Conti n uou s " rav e Fie ld
wit h Tr nn sie n t Field
111l' FUllri" r 'rOlll~ r, 'tl l l "f ,. sj~ l l ill 1 , ro , 1 1 1 , ·.~ I I I .\· " 1"11, , · , ':\, il ,~ 1 l r;" I~, hll -" r ,
at tI ll' "I''''rl";tlj' 'll f" ,in, , l ll r itl~" IJIIls. · ,Ill' W,I\"l ' (" '111 • Ill' II.·;'...·,.:, n l"",· t, (
l ilt' .l il' lIIO'l' ·r or ,1,.. ' ra u",llln' r 1,1,,1tlu- du rlll iull ur ,I ... S'U" l,lill" till l<" ...... I .!I
hy :1./ = I.-I( ' - !Jr ,'1 is 0.1I:'", l' 1II. U 1.h(' sl..~ ~ 1 of "",111 10 1 waw ill th,' ....-ate-r
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A \~<,
a ~~~ -' ~~~,;' ~>::~l
TRANSbUCER
Fit-"l'(" :1.7: D inE-TiUll for WUl." path
13.9)
: = OAScm .
So wan's t"('llIing from tilt, trlln~, luc("r edge willo\'~r1ap in the" rall~~ => 0.4.')
In III(" over lap region, it is eas y to ob t a in till' rr Ji tiollsh ip bl'tw l-"t'll the
jl llbr pro c!utl'd fi l~1tl AlI'I t he routinuoue wave field . Letting t'O(PI. 0 1 . t ) and
h{R,I ) 1>('"l')udt y .]i"tril '1Jt iuli 0 11 the surfa ce or t ill' lrallslhll:,cr and impuls e
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F"r it p" illl SUllrn '. II... illlJ "II~.· ro"'I_"l"" ,'all 1..· ' ''~I,r•.,.,.. ..1 it,. hI /( . /1 :
~. A... ·o.mliilJ; tu ,ht· tl 'I••l ~'lI I,,·, w,. ·1I ....11\·,Ju' i" n illl,1F" lIr io·r h all,.f" rlll.
w lt,·,...4'( R ."J ).IJI(f'I . (II." ' ). i' ll' I '-;~ ~:, . ill " I I.,· Fnnrh-r l r;lll'r , .tl u.,,, f \ .· I••rily
11l1: .'lllial. p iston \·t· lUl"it~· . alll i irnJ,u l"" Il'SIJ<'II!,·It'SI,,· .·ti\l{\·.
wll ir h is lIlu r<> lil.:,· t l..•..as.· t . r niltnJw l '.OI ult r' . II....lul"f'r. 1 1 ~u anr i . nittruwl' ;IIO,1
G'




SI,lwril;i11 1o;o rtir l.-. TIlt" ri~i ll 1110 ' \';11,1" s ),h.'ll' 111 I, ~ i, ll !oO ..I. 11" '11 . I" .
sirlvrs.... lh'rillg [rom an 1' 1 ~"-'III "l t' lJr I'a rt irlr.< ill 111<' ' ~ 'lo 'dl ~1 \·" 1.", ",, 1/ .
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4.1 B ucks cattcred Pressure fro rn a Single P ar-
tide
"Illwn'a!i s lloa"n ill fig. -4.1. A plan(' waveccrni ug from the llrga l iw ~ direc tion
(4.1)
R"£(>frillg to Faren (1951). Bid ding (1962) an d lIa~· and Mer rM'(1985 ' . III('
Wim' St'al\('rm by a rit,id sphere is expressed as it su m of pa rtia l scatt ered
wan-s, AI points lIIC1!lY wxwlengths from t ilt' center uf 11l(' srat terer, the
i1l1\]llitudt>or 111(' lir a lh'rro wave takes the fo rm
1-1.21
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l'ln- ' l ' I" !Il il if'''' /,,(/) il l l. l,,_, (/ ) ;' 1" 11U\\' ill :;1;1lI 1",,, ""'~ p rt ~Sl ln'!; i ll t l"" .p l llt iou
( .J,::!, . audfl ..· 1,..J;,t iu l." I,il, I"' ! \\'I't'III!WllI, i ll n-rrus of] f -x.(J ) I,i ~ (ill tl 'p;rl'ling
urfurfln-r
:!: If"''''c<>p, (l)c-,,.,ldl j
I f.",(rl 1= 'lo l r ':-oo/J;(I)( - ' '''' dt l
" 111,(",)1
=%111;(w) 1, (<.10)
Sllhsl illlt.iuj!, PtlUlll ilJll ( :1.,1) and l'111lil l ion ( ;J.;j ) ;1110 equation ( 4.10), t he
lIull' lll l'ullilAP o f utI(' fn'I I"(,!1cy component or the baeksr-a ttcr from a movable
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4.2 Backscatter ed P re ssure From An EnSCI11-
ble Of Particles
Xow consider tho bnc kscat tcu-d ~i~ Il .. 1 Irtnn il d,,"cl o f SI",ILlI'n'r" II"]W l"l'
wr- us c- the subs cri pt i to rd l'l" to llilf.' n 'ut llilr tkh'S" III OIiT ill' p lira tio ll.
multiph- scattc riug effec ts arc ignotl'd 1J('fa\1~I' tlu- d a ta used wen- el l Mlluin 'c[
ill conceutrafious less t h an 10 kg 1Il-3 ill \l'hit'll runge th e do1 ta do l'xhi hi1.
thaI. multiple scaUI'riu g is not important ( Vilr;ulil ll Ii ill. l !JS!i, Huy 1!l!1I )"
Fur a co ntinuo us wave d etect ion S) 'S ( ,II1 , b('Ci U\S C the rel a tive position s of
the scat tc rors w ith in the detected volume dlil Ug l ' randomly with t ine-, lilt'
scntu-n-d waves a TC incoherent a nd th e t otal intcuslty of a bec kscattcn-d
radiation field produced by uniform ly d is t rihlltl' rl, nonin tr -rnctiug sr:allNI' rs
[i.o. 1\0 multiple scattering], call be exp res sed hy
fo(w) = L: VOj(w )V;/ w) ,
,
where Y:i is the comple x conjugate of Voj '
For typical pulsed detection systems, however , t he du ra t ion or tlw triUlS-
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-,
Figure 4.2: Cro lflcl ry orsuspendedcand measurement
uut ted puIS(" is llsually milch hs than tht' time required for the scane rers
waves (Will a j;ilt(;H ' Vuls..· Aft' cohe ren t. From pubt' to pulse, howe ver , t ilt'
l'<"al k rm waves a tC' normally incoheren t . Th is means t hai t he signal emp li-
tude-is Uaywigh.c1 ililrihulf"dfrom pulse to pulse, And it halibeen shown (l lay,
1!1l)3 ) thaLthe pulse-to-pulse backscatt cred intensity is given by
(1,13)
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'/ \: 1= 2;;:11IIIOf'{J~'O'I//'/':
= :! 1r:.:.~: ;: 1"O":
10 Ill' uniform. FWIl1"' llI<ltiull( ·1.11), ( ·1.1:1) all,1 , ulI~ i d" r i Ii R ·-If,·,·t "r L1 1l'
= 1i","'.~ ,(W )U~ I ~';(w ) 111 [«.cd 11r: .',
16 " _~ : 1
r>n~ ( o , w) 2:~: ~O ::2fIOI (-~" "("')<Sri:, ( ~ . I.l )
where T and C a re the duration or the ~ill11pl i llg window 'L11 tI)('anlll.,ti.'a l
Theintegrat ion ill S(IUilf(' bracket represenls l'lrl'ch; of din-r-fivityon tl((' whulf ~
detec ted cross section . Fr o m tlu- t lu'oretk'a l ca knlilliollS ill C h'qlt ,·r 2 HlII
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/"lIlIS1;' I]t 1)(",,) n1l1ltipli"r1 hya func tion G(: ) of average acons th-alpn-ssure
dis! ,<II]I'I' fro m Ill" t rans duo-r. Assume t1 is lh e an-a ortrausdnrr-r sllrfa n "
tlu-u "qu id ioll ('1.1<1) rilu lJI' tl 1('11 rewritten as
Usually , WI' nn-asun- tIll ' Il1 <1SS conce nt ra tion , M, of suspe nded parti cles
instead of t.he number of lJar lic], os, N, per unit volume, The rela t ion between
M nnd N can hI' "xp n 'sM"! hy
(4.16)
wllt'rc' (I is thr-hulk (I('usity or the sus pended sa nd. Then we have
I(w) = 7Ji(Wj3M A 16~i (W) 121foc(x) 12 J 8
M
(w) 121<> '~ 'f G(z) e:4....~ ds ,
(lno :' - 'f Z
('.1 7)
71






5.1 Exp eriment a l D esign And M ethod D e-
script ion
The form lector measuremen ts were carried out in the ta nk with circu-
lall1111 system which is ,,110\\'lL in Fig. 5.1, and is discussed ill det ail by Hay
Figure 5.1: Sketch of exper jmenfal set up . Shil<l ing indi. ntes sll~p"lItl"d
sediment jet , alia sedime nt cloud in ca pt ure COliC
(1991). Till' suspended M'llilllrnt jl' t is dr iven by a pump, and the jet Vf'lo(ity
is controlled b)' a th rottling section in the discharg.· line. At the base of the
tank , the jet enters a receiving COII l' of circular eross.sectjon with an inle-t di-
amcwr of 56 em. The vertical distance ftol111 11l' [ct or ificeto the r-ent...rlilll' of
the transducer was 40 em. Till' diameter of SIISpt'l1rl'd sand cloud al the It·\'(·1
74







uf 1111' IrMls,I'w,'r wILs, ,,,linl,,,..d Itl he a llOlI!10 em , Tlll' slllr'H"· of 11)(' trans-
lll-ilrfi,-h1_ T Ill' .l.tuln- was use-d for syphoniug susp t-llll,-d sl',!iment sam ples
for rouo-utratiou dl'lI'rlllillilliu ll_ Thr ough ad justing ti ll' trausducur direction
\'l'rl.iI'all}' and hOl'izlJll!a lly hy gelli ng the maximum rofhetion signal from a
wirr-suspendcdthrough llil' o-utre-of the discharge nozzle, we can align ti le
II"allS, lllrl-r 10 IlIak,-its axis intersect t he jet 's ccuteelinc perpendicularly. Tap
watl-r was used in our l ·xpl-r i 1l1ell ~.
TIll' saud used ill the expe riment was beach sand, and WM mechanically
sil'v,-dinto 11 fewdilrerently sized fract ions listed ill Table 5.1 • To determ ine
\.11t'ilh~{}l ute rouceutration, wate r sam ples from the [ct llcw were taken aft er
" ild l burkscatter run usiug the J. tube. T hen, the sample volume was mea-
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I 'J" "tlI W'>1I1r;,li " 1I II''' ~ ,f,>I" l'Ii li ll. ·.I , h ,1'1...11" 1' ,,,,.-on;,, ',\", (" n l "I' l i. 'n ~; I l ll l ol,·"
11"1'1'1' ' ilk" II; ~ ' ;' Il , l il n l " l'n,1' 'I ,' , 1 ,, ' ro " I1 I ; , ~,' "f lIlt' 1110' '' '1 " f l Ilt, f''' It' M I ' II,I , '~
in 0111'" X I " 'ri ll \l'n l ~ ril ll.l:.,~ 1 Iruru t1,:!1 'il l" -1.1,·, 'il .
( ' l : -· : :J =(·"f~ , ·,,11
I II t li l ' r t-nterlim- uf Lln-jr-t. ('" i~ I Ill ' ~ ; I nd nmn'111T;11ion at t Ilt, "' -111" Tli, 1l' ,,(
tlu- j f·t. TIll' standa rd ,1,'\'illliull. rr, ,.]1;tIIg' 'l' wit h t lw ~ ;tl ll i «iz.., Fur "I I I' ,·;t ~, ·
t1 ~ 2.$ e m. Theposition WIWTl' ll lf' /'Ul1"" lltr alif >ll.[/,<,was,,,, .'"I')\'. fj ·l;t li n ' I.,
11,(' l'onn'n tration at : = :J i1'.1....>flllint..l loy soh·ill.&:.
O.!J5="~ _
Thus,
It shouldtherefore be reasounblc t o nssutuc tha l f" r lJur 1I1t'aSIITl'Illl 'u l wi. lt ll
of 0.75 em, t ile ennce ntrat ion of suspended sand is unifo rm,
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I'll" "1'1,,, r"1'1, f"r IlIt'ilsllrillJ1, lb. · r"flll f' lll<" t i<J!I aud tln-ir 'l'l li l l.~s ill',·
;,1111<", t 111" s.' JI1I' ils ill ( 'I' ;' I' Il'r :1. 11"\\"'\",·r. I' ,lilf. 'rt·lWt' ,'xi,ls iIl 11... n·,·,'i,·in/!;
tJ1il1J t ll., ldl.·.·liun si,c,IJ ,,1 ffum llll' l\"illt"r·lljl inlt' l"fitl'{'. As ju ChaptorJ , 1111'
l'I " 'b" ,l t l " rt ~ 1 ~i ~lJill "f 10 li S .lumt lon was ,Ii;i l iz..... l "I it. WIc of 25 ~ l l lz , mill
il ~ .",(1 I...int FFT with II;rUIl wimkrw perforuu-d in u,.. funct ion rncmorv or
d i ~i lal tJsrillu s"ul'" I" I'rud1Jt"., spl~ 'l f ll whh 0.1 "1Hz ln-qucncy resolutio n.
lI' ~'IIfI S" rln- dist ribut ion or s'ln,1 is rllll,lol11 11111 tln- turbulnuce ill thr- jot
"i1'rn latitl ll product.,..Hnrtuations ill c"lIn'l1lr<ltio ll, the fluctuations ill titc
k ...b ri,l t" fI'd sigllill 1\'l'rt' large. In orde r to ohta in a stable backscauered









5 .2 Backscat te red Amplitudes Versus P ar-
tide Mass C o n cont rat ion
'!' - 1. 35MHz
(!) .- 1.55MHz
)'( - 1. 75MHz
~ - 1. 95MHZ
3
M(g/ l )
Figurt' 5.2: Squared-mean hi\ck.'lcatt(·r(in Volt') as a function of hoach sand
conce nt rati on at 1.35 Mlh to 1.9.') MHz. Straight lines were ob tained I.y
least squares fit to all mcasur...d points. Different sy mbols represent diff{'({'nl
Ircqucucies, as 5 1, 0 11'11.
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0
- 2. l SMHz
'"
'1'
(!) - 2. 3SMHz
on ;l<: - 2. SSMHz
...







F'il:urt> S.:): Squared-ujean backscatl~r(iD Vole ) &5 a Iunet jou or beach sand
("uII("l'ul rll tio n At 2.15 Mll z to 2.75 MHz. Straight lines weft' obtained by
Irut 5qll",r~ fil 10 all Ill("MU tcod points. Different symbol s represent difftrenl
Itequencics. a.~ shown.
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I'r"I'" rti"nal tu l l"' ''''ln .lW r'' '' 1 " r l l l<' lTIil s~ "' >II" I'lI l r" I i" lI .\1. Fit, " .·.• .-,.:! ,u ,.!
:' .:1 show tln- 1II.·..,'lTl ·Il"'·!l1 rt.,... lts al fro"fI'101Iri fr"m 1.:1,", ~ I II I I" :!.':' ~1I 1 1 .
\\'I,idl \wlt·ul'I "ih .. I I .~ lIll""sn ri, ,!::I"'."'!J si I .. f I"ll .:! ! "! . li,lIl1.... ·r wjth .'.
t1ilf,·rt·n1 fOlwPlll ral i,, " s . 11l 11... lig'UI'S. t lll' l'p lllo.. ls r.-I.h -S' ·11 I· ,,·.,s IlWll,,·1I1
n'l' Il 1t ~ whb-h an- iI\"t'li,p,c"ll "!flO l illlNl, 1I11t1 t hl'sulid lim' ill ti ll' !o'i,..I ·" IU<lf'-S IiI.
This is evich-urr-1h.n . ill 111l ' H],l'l'lIrr of 1ll1l11 illll' l'{·1Ltlt'rinJ!,. t ill' 1tlt'i111 ~' l ll ; l n ·. 1
Lill'ksratll 'ri llg sigllill ..1,0111.11,1' lill<'arly propurli<llill lu I';ll't k l,' n 'Il"" lIl rill iu li
5 .3 Estimation of System Const ant
T he m easuremen t (If 11... form far-lor in Lilt>ra r arm li'li rllll'r,-s' "Tl' li,·I.1
by usin g a na rrow-ba ud t ra llS/lowl' r has been m a.lc· hy Jla ~' ( 1!l~H' . 1'1...
results show tit'l l fur lltt> rigid movable spherical model , tIu- 1Il""-.JlTl·t1 "' ·ll t ~
mad e' ill the labo ratory fit II... lIwo rl'li r al cur ve r('iusoua bly ..... 1'1 1. O ur ifll'a rur
Ilwas:ni ng the sys tein cons1an t i, 10 assume th at., ill l llC'/II·lLrfic·M, l lll' funu
factor calculated Ircm t il(' rig id movable spherlcal mod el will fil till' form
fact or measu red by th e brca dbnnd t ra nsd uce r. Then wc' ca ll us. ' a known
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O con . =0 .5341 (g / l )
:R c o n .=1.25 5 0(g/ l)
o co n . ~2. 8629 ( g/l )
X c o n. ~4 . 42 20( g/l)









0 . 40 0', 60 1'. 20
X=k. a
1~ 60
Figure 504 : Backscat ter for m factor I l oo(z ) 1for 180-2 J2 11m d iameter beach
saud. DilTcTent symb ols represent different concentr atio ns, as shown.
~iZl' and concent ra tion of 51\11\\ end from equatio n ( 4.19) the overall system
constant B is obt aine d.
Figure 5.4 Sl lO WS the results using the data in Figure s 5.2 to 5.3. The
dnslu-d line is the thcorct icel Ionn factor I l oo(z) I for a rigid sphere caku.
lute d from equa tion 4.4. In our app licatio n the sand slze we measured has
a 111l rWWband instead of being a singll' size (sec Tab le 5.1 ), wit h t he same
Iwing true for the frequency ( t!.f =O.2MHz ). The becksceuered signals
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I
f(,,-IHz) 1.:1.) IJ I.'i l.,(;j t .!l.j :?l.' i
IJ(/II\'j(~·.q /II" ) ;J..I I.i .'"l.:l ;"1. 7 ;1.:1
1J,,,(mF/lk .q/,,, :I)1 , :H ;1.'( .'"1 .2 !i.tl Ii..'"i
utn; 1.·12 I. :!. I. O:! U.!t;·) {I ••"':?
Ta ble 5.1: Averaged ovcrell syst em ('ulI._I" IlLH. ,I t ' I , 'r milu~ lloy 1"i1:<l ~ 'lll;)rc'~
to bar-kscat tc r rur-as un-uu-uts 1\11I1 8m 1!"It'rrni lll'tl frull! rd lt'r t iull uu'usurt-.
mont e.
includea ll contributions from llifrcn' nl s i z.·~ 1'11,1 rl"l'l[lll'lu'ic's ill thl'S(' IlIUfU\\'
I.lmds. So it should be mOH' l"cilsollahl" 10 ii i 11)(' llll'ilslJrt'd rcsult.s usi ll~ I'
smoothed t heoretical form Iactor of t llf' rip;itl splll'rkal 1111 ,,11'1. WI' llill Ill<'
smoothing by find ing reugv of r ( ~.r = ,:H III!+ Id l flO ) from .<lm,1 Si~l '
and frequency ban dwidt h, and average d Ihe thr-on-ticulIonn factur uf ILrig id
sphere wit hin !:J. x. T he so lid curve in Fig. ·3.'! ls Ihe sl1loul hct! rl'slIlt.s, and it
can hi' see n in later Figures th at til" smoother! rurve fits the 11l('11.<lI rt ' Il Il' !I1.s
le-tter t ha n the unsmoothed one. We' fo rce t hc nn-asurcd valu es lo fil tl lC'
SllIOOt!ICd theoret ica l form factor curve. For 11 given Irc quenc y 11 11,1 partir ll'
size all average B, denoted by H, may be o!JL"illc'd IIsilig equ a t lcn ( '1.I!J)
fo r meas ure men ts of Vu(w) ma de at diffe rent rnncent ratlcns . The rt'silil illl;
valu es ofB for diffe ren t frequencies a t iI dis tanc eof IO.li em rru lll till' ml"l'iVl'r
sue fuco are lis ted ill Table 5.2.
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1'"illll.l lwt 'Xpn", ,,iull ( "1.1:-;). \\"I, .1"Slll llt·thit l ( ; (: ) 1111,1 : ;tt' · ' -"Il"I;11I1 . , I.-n" lt..1
1101 rha nge murh. TIll' ex p n-s siou ( ,t IS) will llc' silllplifi,..1as
Ccmpariug Ii 'Il..ith 0 ..., We' find t hat at. rr' '' lllt'n, -i.'S ne-ar tilt' n ' nl rt' Ir e-
q t ll" l1(") ' or 2XUlz agr l:'Cllx'llt is rt'itsonah ly (!;" .. .l, 1I""'0' \1-r, itt low ;,,1<1 Ili,l!;h
f i1olf' exp lanat ion (or th e disc repa ncy is t ha t ill thl' (orlll (i<rtor IIwaSllWIlM'nt
the suspended part icles occ u py most O(t IIC.jPi<f(' betwe en the tr ans ducer and
tlu- detected volume, whon nil acoustic al wave lTlI\"l"ls IwtWf'C'1I Uw trans-
duccr and the detec ted \'0 1111111', its ener gy will llC ~ a l te limlled by sl~1\ll, 'rillg
(rom the par ticles . Th is attenuation ill("H'itS'~ wit h inc:rras ing rW' l' H'llf:y.
&1
T I:" I""'l"all -ysn-m nm't illit H n l,taiu r'f[ by lllf'a ' lIrin g !lcach send therefore
""ul,[ 1.., sillilll"r than Ii,,, mensun-d hy reflection from 111 (' air-water inter-
f.w" "l IlipJ. (1I" llIl'I1"if':; • ;,- ind ir al(,fl ill Tabh- ;j.:!. lw r a ust> t.lll' ,Hlf[il io nill
"U I'lIlIatioll ,1111' (0 parli d ,'l\ is prese nt . So correction fo r the additional at-
l,'II11at ittlJat high Iroqucnc y region sho u ld bo consider ed ill or de r 10 improve
1JlmSI Il'l ~ n]{' lll. lI t Ir. \\'f'r frequencies a t tcuu a t ton is unimpurt ant. The be a m
width sprf'iulillg, indicated by t he dr op in the rdlr~ ted r-ig nal amplitudes
with ,Ii, : "un ' in fig. :1.'1,sllggr,s lr- that th e cr oss-ser fiun a n-e. of the de tee ted
vohum- for lillSI"'wl",1 sund mccsur cmcut sho uld !J('le rgcr t han A, t hr- area
of th e Lruusduccr, which was usod for calculation or Bu , i ll equation 5.3. T his
could he reason t o caus e BTl, < 7Jat low frequencies. Othe r poss ib ilit ies are
that : ( I) the signal to nolsc rat io decreas es for frequenc y e-omponents away
[rom l h( ~ centr e fn"jlll'lII'Yi (2) t ile rece iving gain of pulserj'rc cclvr-r used for
ti le tf'l1l'f ti on a nd srath'r ing measur ement s was not the same (40d B dilTer-
"IICe); (3) it is hard to kucw the exact de tected vo lu me and directivity of
the t rans duc e r at ea ch freq uency, Hie ove ral l sys te m con sta nt E m ca lcu lated
from equation 5.3 is oc t ve ry accurate. So t bc overall system con stant 11
obtained from l1lel'ls llrillg s uspen ded part icles is believed to be more realistic
:<iz'; /Im ) ~"o{/mll ....uo-ntr.. li,.II(MII
~:,I,~~ ~~~.~: ',': ';'~; : ~',~;:~ :: ~~ :~ : T,j;~-H~
:JO()..:J50 .1~;j .O V.·IIS! .JI .I .1.1:> I .!J!J.I ~ :!. lli:lli i l lll !l. :1..-I!t!1
Tab 1e5.3: T · Ie-mperaturr-, (' iI. lJlIsli rsp,, ·.1ill wnter , IIU' rilllillsuf lIIi, Io1 I,·
size
lIn.\ rdi"hl,' lh"ll 0,,,.
5. 4 M easu rem e nt Of The Fo rm Fac tor
sa nK' size, but differt"llt COllrt·t;lra tions . by fitli llr; 10 th. · lh('(.rd io·al ,'lIrw lOr
t he form funct ion. Till' ra ll~e of r (= ka) ronsieh-n-d ill o],lainill,( t li ., tJ\'I'rall
constan t B is from 0.56 to 1.1. If1i is ror rr-ct , tln- lIleasllrr,! r-nrw- "f IIll'
eange cf e .
Three set s of expe rimen ts were carried uu tllsillg .litTer'·lIt sil,l'S and ron-
centraticns whlch ate listed in Tll\)l~ 5.3, nurl lilt, tl~u lls nrc SIIUW II in Fig·




~ con . =0.9974{ g/ l)
• co n.=2. 02 19( g/ l)
X con .=3.32 47{g/l)
~ con .=4.09 4 1( g/l)
+ con.=4.6652(g/ l)
--~
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Figure 5.5: Backscatter form Iactor I f oo{;r ) I for 106·125 Jim diameter beach
sand
to ill' the midpoint of the ~.phi sieve interval. The measurements cover the
range of "l: from 0.33 to 1.9 an d includ e sand sizes of 115.5pm, 196pmand
;I27.5/1111 at frequencies ranging from 1.35 MHz to 2.75 MHz. for each sand
size, measurements were take n at six different concentrations. The overall
everngcd cons tant 7i obta ined in the last section was used for calculating
I foo(;r) I Irom t he measurements . To check repeatability, further measure-




o con .~O .5539 (g /l)
X co n. ~ 1. 1524 (g / l)
~ co n. =2. 1342 (g / l )
X c o n. =3 . 1236 (g / l )
~ co n. =4. 2719 ( g/ l )
+ con . =5. 2654 ( g/ l )









~ co n. - 0. 4 181( 9/ 1)
;;( c on. ~1. 1445(9/ 1)
o c o n . =1. 9942 ( 9 / 1)
X c o n. =2 . 46 36 ( 9 / 1)
~ c on . =3 . 0 097 ( 9 / 1)
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Figun- 5.7: Backscatter form factor I j ..,(z ) I for 300-35011m diameterbeau .
send
88
r{~Jlll ) I .:n I .;",") I .;.'"' I .!I:) :!. I:, ':!.:I.'", ':!.;': , ':!.;:'
-,ul") '1:1 1 :.!.,(; 1.~1' :.!.li:.!
-..- t .m ~\Ii I~j,5T71 ~ l f lllti ! ':!'-'/I IIl) ·I. ' :i :U, li :?.l!1 :.!.7i ':!.-Ili :!.II :1.:,1
j, :'m ( ';( ) l l ~ll :!1:.!/lIul :u-; :W.i I.:!!I 1.:1.1 1.,1 I:;'-:! ':i:w liT!
A~(lj{ )(:100 - :1,; U/l ml ·I..Y'; ·1., 7 I.i:! ·1';00 I.!n :1.,~I - -I. IU J ~
(1~ ! {i lll l1 ) Iml ,,1 llitr"r!' 11 1 ,·,," l" '111r;tli llll. TI ll' result is s hu \\ tl ill 1111' Fi.l!,. !',.H.
or I J<><- I is du.. 10 I ll<' r-tro r ill t ill' s)"sh-1Il CUIISI;1II1 If a ll,1 ill ,I ... r;, t ju .. r
7.rr. The sla ll.lan l rr ro rs in th e values or U werr- c'!itilllitlt..1 rr"lII II... flve
sepa ra te <1,'It'rm;lIilli"us ror "a r lt rrt'lJlICIl<:)' ("I"l.' Fi,r;..SAI, ali<I ...... lish'.1 al'
perce n tages or thl ' 111,''' 11T"h1r- .'}A. Similarl y, tln- sla llflanl "n"rs ill~ wt'n '
art' also listed in Tabh- !lA. The ste uelare1er ror ;11 I I"", I W'L~ ti l k ' 1 1 I" I...
1(.6.8 % )2 +{.6.-jt,%)1J! , /tud is represented hy the et ror I,ars in F iglln~~ !i.r,
t o 5.7.
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X=k *a
Ftgurc 5.8: Backscatte r fo rm function I J",,(x) I for beach sa nd plotted with
tlu - dala in FigUl'e5.5, 5.6, 5.7
corresponding to xdifferent parttele sill'S in Fig. 5.8. It is enconragi ng that
li lt' estimated values of I foo(.r) I are substa ntially the same for the three sizes
in the regions of overlap (0 .33 :5 x :50.67 for l l5/Jm, and 0.56 :5x :51.1 for
19(1jllll, and 0.93 :5r :5 1.9 for 327/lm).
Till' meesurcmeut resul ts show that agreement with the theoretical curve
is '11Iih-good and ('xhibit similar curvature in the interva l 0,33 :5 :r :5 1.9.





(!) - 1.3 5MHZ
~ - 1. 5 5MHZ
¢ - 1. 7 5MHZ
X - 1. 95 MHZ
'I' - 2 . 1SMHZ
+ - 2 . 3 SMHZ
6 - 2 . 5S MHZ
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Figure 5.9; 8 arkKalt l" form funct ion I Jox. lr ) Ifor ht·itf h M Ill l m"al>lIr1,,1for
t1iffrrenl size sa nd [see Table 5.5)
by til.. rigid movable spl1t"rical seett erer theory, T his is similar to lIa)" '~
( 1991) results , and cou ld be dul' to parti r !..· ~ha lH' irn>glllilrilw" ~ i ll (f' .....ill.
lnerces'n g (req ueue)', o r dt"CTcu ing rat io of ......ev..I,·lIgl b to l ilt' size uf par t icl..,
the' particle she.....s rela t ively more iHl'gularil;n. T herefore, the .uldit ional
sr atte rering becomes larger.
Fig. 5.9 1<IIOWS t ile result s for the 1l1("\5uu,,1 furm Iart or \\']1('11 I WU I)'
different sand sizes. uliing a singl(' roncentr afion fur cneh silt" '"'WI ' 1llI 'il..~ll rt·d .
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'I'al, I.· '"' .'i: T - 1t' !I1],, ·r; , 11I1"'. t ' - il" ''' I ~li,' ~ I"~',l i ll 1111' \\'a tn
( ·I. I!I) is s11itahl (' fur \' X l, r('~sillg 111(> l, ;u'ksr al t t'r i ll r, problem of suspended




till' Ira llSol h....-r lII-arli.,I,I, il d ._ ..1furn: '-:'<I ," .,."i" l1 f" r ,"ak nl;,l illV; tIll' 111 ''' ' ' ''-
l ir., I'i,-I,1 t ril ll"mill ,..I I•.\"" r-ire-ular pist ull wi. II 1IC111 'lIl1 if" 'lII s u, rOln' \",1"..11)"
was , I.-,in...l . F!'iu ,l!; Ih i" ,'x l' r,,",sion In r 1tIr IlI.. I. · I lw IWilrl i. ·]. l l.ilS t h.' ." I\o;,u-
t a~~ o f indu. lin,; III· j,l ll " " 1' pTt.lxi lll illi ulI S IIU' 1111111'"' ;" 1\1 illl,'r;r;, 'it.ns, '1'1..-
res ul ts ..how I hil l till' wa ve pa UI'TIl pn"III('('t! by a t.:t-I r ill ,li" IlIl'I<'r e-irr-ular
pistu n heving a f'C'flll"l1cJ of 2 ~lliz alld a unif" l m " 1I' (lI n - w lur il.r is lI ~ , r, ·
rU1I1pl,' :>; ,11I ,[ lm-gulur thau l lli" flf lilt' Salltl' pistun ;'''Mlilling lilt' s illlply
snppo r1ing hOIllHIIlry run.lition. T his ililliratl'l' l,h111 t,11<' sllrflll"l' \"'!lH" ily .li ..-
t eibu t lc n plays an imp or tan t rulc ill the artJu,..li ral Pfl~SS ll rt · ur t Ill' lWilrli,·1tI
n-sult s ( I~ JX" I ) . Ilc>I\"" \'I'r it d" . , "il SI' S wlth iJlcn 'ilsillg ,Iist a llrt ', TI ll l ~ . <'lHlsi, l·
I'ri ll.!!, t Ill' 1."illllwi,l1h ill ti ll" w,ltrll \,I,llo 1)(' const.nu, for SUlJ)l' i1pplicilt illns,
nW,I'I"' i' ll tJ\', 'r~i ml , li l i ' - i'l i " 11 oltbcprol.lem.
Exp,'rillwlIls \\"('n ' riIITi,·,1 Ollt in a small tank to rnmpnrr- t Ilt' t lu" ry
it.I' itS il fmwtioll ol f ro"]I "" "',I' hy w lf-n'r iprori l)", TIll' rn,'ilsllrt 'Illt'U1s Sh Ull"
thal IIIl' l'1l il1ll !;t' (If the ave-rage acous fical pres su n- on the n-reivr-r sur facl'
with rlistanr-c, g\'nl' rille·t1 1,.1' a broadbancl t tausdurer , is s imilar to thro rct-
ielll fi ,k ulatioll fut II I nlll "~,l un'r wit h uni form vibrat ion su rface. inst ead of
wit I. uonuuifonu vibrati on smlacr- (simply supported edge cas(') bo- ause of
t ilt' drl 't"ls (If Illlllt i-\'i l'n ll j' l11 l1lu,], 's '-'11 tr ansdu ce r su rfan' for a pulse excited
tmnsdurer. The ag reenu-nt of t ill' (J\"cra l! system cons ta n ts between measure-
1Il'IItS ;lIul calculations is reasona bly gna rl, especiallyat lower Frequen cies.
TI ll' rt'l;lt ionsltip l'c'l \\'('(' 11 t ll(, back scattercd sign al from sus pende d sedi-
1111'Ill nnd the' ',IZI' an ll conrr- utr atiou of sediment meas ured usin g a broa dban d
9·'
In' I,,,,!I1l"'1in I I" , 1I ,'arli"I,1 is ,I"ri Vl',II"I,, ·
. (Ti ,
lu( ....· ) '" 1J(1'''': )V--;:- I I, (.rI ! ' (H, I )
TIlt' form factor lllt'aslIT< ',l loy our sysrr-ru, wltlrin 1.11<' rimp;.- C1 .:l2 :::; .r :::; I,!I,
fur dirTnt 'nl si ze or rU lIlTIH rHl jull folluws t.ln-sl1\uo th",I1.hl'orrticill l'llrVt' fOl r
p roblem could be due to till' lrrcgnlar simp !' of lh~ Jlllrlid l's, By t-umpar-
iug the form func t ion measured ill lllt' far field ( Il ny, 1!J!JI ) using the ";'ll ll'
circulat ion sys tem and diffl'rl'llt narrowband transd uccrs, the twtl Jl](';Islln~11
results ere simila r.
The results give n in th is thesisarc promisin g. T IIt'Y intliclltl' that it is
Fcnslblo to det ermlue acoustical sca t te ring cross st ~cLinns us ing I'TOiltlhau ll
pulses and turbulent sus pensions. T he results prcswued here a lso illll il;alf~
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APPENDIX A
[ulluwillp;tim'.' TI,lalions will lot' ll ~l·d in t il" calcula tion.
(11+ l ) fl~t1(:)-('.!l1+ 1):/l,,(.::)+uP,,_d =I= O (..1 2)
J:1_.. h~~ I ( ;)d.: -= _;1_" h !L1~ 1 ( ': ) (A3)
A 2I Z) = JZll~21(Z)Pl(¥)dZ
=-ZP1(~)h \1)(Z ) +Ir~2) (ZJ
Z
illul
-", (Z, -= JZh~1J(Z)Pi~ )riZ
=-ZP4(~)hIl){ Z) +5P2 { ~)/i~2)(Z)_h~21(Z)
Su,
I3l (Z ) -= / Z2(Z,,~2l(Z ) P2(~JdZ
= 2 2112(2) - 2JZ[_Zh\2J (Z)P2(~) +h~21 (Z)ldZ
-= Z2A~(Z)_ 2 j Zh~21( Z)Po(-~)"Z + 2 j Zl"Fl [~PI(~)_ ~ Po{~ )]dZ
10.
= /. -:..lJil) - :!:1,,(7) +:IJ /.J."h\:I (7.1/'1(i1, /:I.-.f l ! Ii \: I(l ln,(~)d:l.
'-= ;(1:1!(1) - :!:I,,(X ) +:1.%" " -\1(:1.1+ l:h,I ,!l1/' 1·- :!:I,,{l l
Hd X)= JZlj(7.,,~/l(i:'lI '-'(~ IJdX
= l.lrl.l - 2 j ZI-l1'417[;/,\:'( 1( ) + .-,f'A ~JIi~II(.%') _ h ~,l'(l)]rli::'
::; Z2A1(Z) - WAAZ) + :!: I,, ( X) +:! J11 " 1 ( !f? ) h ~ll1 ( .%' }dJ.
= Zl :l.IIZj - IO:h(Z) + :!/lu(Z l +'! .f /l" ,I;Z I (.%' )!~ n(~ l - ~/'1(~~ ' lril
=: ZlA.,(Zj - IOAIIZ) + :!A,,(X) +}lo/!:J(Z)
-~JZI}2 ( -1}[Mi~2 '(Z)- Z h\2'(Z)J(lZ
= Z2A.1Zj - lQA.1IZ ) +:!Ao(Z) +~ .%'o:h ( Z ) - TA~(Z)
+ ~ f Z2hI11(Zl PI(?ffHZ
W(· kno\\,
lOS
+ ~ III(Z) -- ~ lzl _.l j (Z J - :!Aul1.))
"'" /,'/[:II I.%' ) - J:lJ( .%')I - [If1 ..l1(1.) - :!;\(,(1.I] + ~ ..I,,(Z l
+~1.Il :h(i.:' ) - T .·III1.) + ~Hl(7.J
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APPENDIX B
H,,(l l =-' 21[.·1,,(1.:') - ~:l,,_~pnl+ !i'.!!';; .~ l / ". I,,_dl.) -
,:,(_~~~:!II -:..!! : I "_1(Z j - :!H,,(i:' I + ~ ~ ~ " I" _~(I:"
+ 1I ~ .I. H,,_ i Z ) 11>:1. (Hli
lJilft'l"l'1l1ial i' >1l "r the two sirl('s uf l'{!l1ltti ,," ( l ~ I ) ;,,1,1 1 1 S i ,, _~ " 'll l;' li"t1( :!.:!S)
Z.1 ,, ~2 l (/:)P,, ({'.! ) = :Uq A,,(Z ) - ~ ~.'I " _ 1 (i:· 1 1 ' ~ /.:'h ~~) ( .%' ) I ·,, (f )
_Yl·lli ~,1~ 1 (Z ) I ''' _1C~)+ 2(~HU- I) l.'ul":(~!l(1.)J''' _ I(~J
2(11 - I ~~ :! lt - :1)ZIt~1~ 1{/.:·)f~' _'1(~ 1- '.!-iz",,('l )
t 2 (1I ,~ I lfz f/" _'I(1.'l+~tl,,~,1~ 1(l ) / " '_1 (~l.
RCMranging 111101'(' oqunfion and using t ill' n,la t iou
weolnaiu
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h um til<' ro'f,,1i"l l.~ { :U; / illl,1 ( :,!,IS) r.,r ;1. I ll<' first I \Vn l<'rms in (II:!)
:21.' ..1.11.1- 1{1!,~ I ) 7.:I~_2(Z )
'" -l/, J I, !,l~ d X J / ',,(i ) ~ 11. 1 h !:1~1( Z )fl,, _A~ ) _ l ('l ll,/- Il 1.A,,_i Z)
'" _'1ZJ I, ~J~ I ( Z ) I }, , ( ~ ) +:! lJ II :,I~ I ( Z )/',,_2(~l+ :2(2/1,,- I) Z'lh!,t~AZ)P"_1(~)
-~~ , l )t'\- I J ' t'( 2 11 - ·Im- :]}h ~,1~1", _AZ) P,. _1'"_1( ~)
11 .. :1 Z
= _ :!l l l!!,2! l(l)P,.{~ ) +2Z2h~t!I (Z)f''' _ 1 ( ~ )
+'1(:h:/- I ) llll~,12:l fZ)1'~_A 1-~) _2('111,,- I ) -JP.g" - 2 ' W I )
I Ill' first t "rl il on thorhs or (l t l ) enu Ill' rewr-it ten as
-:!Z2 }1 !.z2 ,(z)p,,(~) '" _ 2(2':1- 1)ZZOh~,2~ 1(Z)P,,_ ,( ~)








IhI' rhird tenn in (11:1) IIl'w lI\''!O
~(111'1- 1 ) 7. 2/1~:!J(7.)I'~ _l { qz I
= :!( ~ /1 - 1,~ (~ 7.1,~.l~2Il) I'''_'l( ~)- :!(1"Il- ..uZ:II~':~ l t7.I /~.~(~) . ( /1;".)
S lll J~ tit 1 1~ i tl ,l!; I'qll;,ti uIlS ( fH ) alill (Wi) into ( l!:Il, 1I11d tln- f\'Slih i ll~ '"1";0[;""
illl\) ' '' I,u,t ion (Ii:!) . WI' Iiud tllll! all terms " ;U IO"'\ l ' ;' ··1. .. 11" or I 'fl '\' i n~ '" I'W-
l ;un( 1. 1:;) .
109




